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  Summary 
The search for a safe and effective human immunodeficiency virus (HIV) vaccine 
has stimulated the development of recombinant live vectors as vehicles for the induction 
of specific cellular immune responses. Attenuated poxvirus vectors, such as MVA and 
NYVAC, have a number of desirable features as HIV vaccine candidates, including 
promising safety profiles and the ability to incorporate substantial genetic material for the 
expression of foreign gene products. It has become clear that beyond these benefits and 
the specific physical characteristic unique to each vector, another aspect of viral vectors 
is critically important: the interaction between the vector and the host cell. This interaction 
often induces innate and acquired immune responses to the vector particle it self, and the 
subsequent cascade of events may significantly contribute to the success or failure of a 
viral-based vaccine. At present, a number of clinical trials using recombinants based on 
the attenuated poxvirus strains MVA or NYVAC against infectious disorders such as 
AIDS, malaria and human papiloma associated cancer are underway by several 
organizations, validating not only the safety of these strains, but also demonstrating 
significant antigen specific T cell immunogenicity in humans. Despite intense interest in 
poxvirus vectors as candidates vaccines for HIV and other infectious diseases, few direct 
comparisons of poxvirus-based vaccine candidates have been reported to date.  
In order to understand how these vectors should best be used in regimens, it is 
essential to analyze both vector-specific influences on antigen expression and the effect 
of the vector on the host cell responses. Direct comparisons of vector elicited antigen 
expression and host cell effects generated by attenuated vaccinia vectors are warranted 
in order to choose the optimal vector to elicit a desired response and to design improved 
future generations of vaccines.   
In this study we examined the in vitro e in vivo behabiour of NYVAC in comparison 
with that of MVA using cellular and biochemical approaches. Our findings revealed that In 
contrast with MVA, NYVAC infection triggers greater cytopathic effect in a range of 
permissive, and non-permissive cell lines. The yields of NYVAC cell-associated virus in 
permissive cells (BHK-21) were slightly reduced compared with MVA infection. During the 
course of infection in HeLa cells, there is a translational block induced by NYVAC late in 
infection, which correlated with a marked increase in phosphorylation levels of the 
initiation factor eIF-2α. In contrast to MVA, the synthesis of certain late viral proteins was 
only blocked in NYVAC infected HeLa cells. Electron microscopy (EM) analysis revealed 
that morphogenesis of NYVAC in HeLa cells was blocked at the stage of formation of 
immature viral forms (IVs). Phase-contrast microscopy, EM, flow cytometry and rRNA 
analyses demonstrated that contrary to MVA, NYVAC infection induces potent apoptosis, 
a phenomenon dependent on caspase and RNaseL activation. Apoptosis induced by 
NYVAC was prevented when the virus gene C7L was placed back into the NYVAC 
genome, recovering the ability of NYVAC to replicate in HeLa cells and maintaining the 
attenuated phenotype in mice. We have also analyse the biodistribution in mice of MVA 
and NYVAC vectors in comparison with the replication-competent VACV strain Western 
Reserve (WR), when administered by different routes.In contrast to WRluc, for most of 
the inoculated routes, the attenuated recombinants expresed transiently the reporter 
gene. Our findings in mice revealed that MVA and NYVAC have restricted expression 
capacity, largely confined within the first 24 hpi, and that differences exist between the 
two virus strains in the kinetics of recombinant antigen expression. The results suggest 
that MVA and NYVAC vectors might stimulate differently the T cell immune response. 
In order to analyse that point, here we also describe the construction and 
characterization of MVA and NYVAC vectors expressing multiple HIV-1 antigens (Env, 
Gag, Pol and Nef) from clade B in a single locus of the viral genome. The viral vectors are 
referred as MVA-B and NYVAC-B. In addition, we have compared in BALB/c and in 
transgenic HHD mice how MVA-B and NYVAC-B activate specific cellular and humoral 
immune responses against peptide pools spanning the heterologous antigens when they 
were administered using different prime/boost vaccination approaches. Our findings 
showed that in cultured cells both recombinants efficiently express the four HIV-1 
antigens in a stable manner. In mice MVA-B and NYVAC-B were able to induce a specific 
immune response against peptides representing the heterologous HIV-1 antigens (Env, 
Gag, Pol, and Nef) independently of the immunization protocol used. Differences in the 
magnitude of the immune response were observed between the poxvirus vectors in the 
two animal models. In BALB/c, the DNA-B prime/NYVAC-B boost regime triggered an 
overall higher immune response than DNA-B prime/MVA-B boost whereas in HHD the 
magnitude of the response was similar for both recombinant viruses. When the 
combination of MVA-B and NYVAC-B vectors was used for prime/boost, the magnitude of 
the immune response was lower than in a DNA-B/poxvirus-B approach, although more 
peptide pools were recognized. An immunodominance of the Env peptide pools was 
consistently observed in HHD transgenic mice in the different protocols used. Our 
findings highlighted the relevance of NYVAC-B and MVA-B as potential vaccine 
candidates against HIV/AIDS. 
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1.- POXVIRUS: Aspectos generales 
Los poxvirus son una familia de virus ADN de gran tamaño y complejidad, 
capaces de infectar tanto vertebrados como invertebrados. El miembro más estudiado de 
esta familia es el virus vaccinia (Buller  y Palumbo, 1991; Dales  y Pogo, 1981; Moss, 
2001) pero, sin duda, el más conocido es el virus de la viruela humana, causante de una 
de las enfermedades más devastadoras que ha conocido el hombre a lo largo de su 
historia. 
En 1957, Fenner y Burnett publicaron una breve descripción de los poxvirus de 
vertebrados, que ha constituido la base de las clasificaciones posteriores en cuanto a los 
criterios utilizados y las subdivisiones realizadas (Fenner  y Burnet, 1957).  
La familia Poxviridae constituye el grupo más grande y complejo de los virus 
ADN, replican integramente en el citoplasma de la célula hospedadora, y tienen un 
origen evolutivo separado de los demás virus ADN (Strauss, 2002). Son virus de gran 
tamaño y con ADN de doble cadena que se clasifican en dos subfamilias con once 
géneros, ocho pertenecen a la subfamilia Chordopoxvirinae la cual infecta vertebrados 
(aves y mamíferos), y los tres géneros restantes a la subfamilia Entomopoxvirinae que 
infecta invertebrados (insectos) (Esposito y cols., 1977a, 1977b; Li y cols., 1998). En 
general, las especies dentro de un mismo género se diferencian por sus características 
biológicas, el rango de hospedador y su distribución geográfica (Esposito y cols., 1977a, 
1977b). El virus vaccinia (VACV) es el prototipo de la familia Poxviridae y pertenece al 
género Orthopoxvirus de la familia Chordopoxvirinae. La infección en humanos es leve, 
con manifestaciones febriles y aparición de pústulas dérmicas. El VACV ha contribuido al 
desarrollo de una parte importante de la virología moderna, ya que fue el primer virus 
animal visualizado al microscopio electrónico, crecido en cultivos celulares, purificado 
físicamente y analizado químicamente (Moss, 2001). Como veremos más adelante, la 
tecnología del ADN recombinante permitió nuevas aplicaciones de los poxvirus en el 
campo de la inmunología ya que éstos podrían utilizarse como vectores de expresión o 
como vacunas vivas. Para una revisión en español sobre la familia Poxviridae ver el libro 
“Virus patógenos” (Carrasco, 2006). 
 
2.- El VIRUS VACCINIA (VACV) 
2.1.- Estructura y Morfología 
La partícula viral del virus vaccinia (VACV) presenta un gran tamaño 
(aproximadamente 350 x 270 nm), tiene una morfología ovalada o con forma de ladrillo y 
es visible por microscopía óptica (Dales y cols., 1981). En secciones ultrafinas de células 
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infectadas con VACV, se pueden observar distintos estadíos de maduración. Las 
partículas infecciosas aisladas por rotura celular se denominan virus intracelular maduro 
(IMV) y los viriones recogidos del medio de cultivo, liberados por la célula infectada sin 
mediar lisis, reciben el nombre de virus extracelular envuelto (EEV) y presentan una 
bicapa lipídica adicional, lo que les confiere propiedades inmunológicas diferentes 
(Vanderplasschen  y Smith, 1997). En la actualidad se ha llegado a un consenso en 
cuanto a la nomenclatura y los IMVs se denominan como viriones maduros (MVs) y los 
EEVs viriones extracelulares (EVs) (Moss, 2006). 
Según imágenes obtenidas por microscopía electrónica y más recientemente por 
tomografía crio-electrónica, el MV está organizado en tres elementos estructurales: el 
core, los cuerpos laterales y la membrana externa (Figura 1). 
 
El “core” es una zona central 
electrondensa  con  forma  de disco 
biconcavo que contiene el ADN genómico 
y varias proteínas virales asociadas 
formando en un complejo núcleo-proteico 
(Jensen y cols., 1996).  
 Los cuerpos laterales están 
situados a ambos lados del core. Se ha 
propuesto que estos cuerpos laterales son 
zonas de contacto de la membrana 
externa con el core viral (Griffiths y cols., 
2001a; Griffiths y cols., 2001b). La 
membrana externa rodea a ambas 
estructuras y presenta en su superficie una 
compleja red de túbulos dispuestos 
regularmente en forma de empalizada.  
Trabajos de nuestro laboratorio en 
colaboración con otros grupos han 
determinado la estructura de la forma MV 
(360x270x250 nm) con una resolución de 
4-6 nm mediante crio-microscopía 
electrónica y reconstrucción tomográfica 
como se  indica en la  figura 1 adaptada de   
(Cyrklaff y cols.,   2005).                                                 
 A 
B 
Figura 1: Estructura del MV del virus vaccinia. 
Imágenes obtenidas por microscopía electrónica 
(A) y por tomografía crioelectrónica (B). 
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El MV se caracteriza por tener una membrana externa lipídica (5-6 nm de grosor), 
debajo de la cual hay dos cuerpos laterales constituidos por material heterogéneo sin 
estructura aparente, y más internamente un nucleoide o core rodeado por dos capas que 
tienen un grosor de unos 18-19 nm; la más externa con proyecciones de espículas 
agrupadas en forma hexagonal, y la más interna es consistente con una membrana. En 
el core se observan poros que pueden servir para exportar el ARNm durante el proceso 
de transcripción del genoma viral. 
El EV presenta una envuelta lipídica adicional que envuelve al virión maduro 
(Essani  y Dales, 1979; Oie  y Ichihashi, 1981a, 1981b). Tanto la membrana externa del 
MV como la envuelta del EV presentan una composición lipídica diferente a la de las 
membranas de la célula hospedadora y están enriquecidas con proteínas virales 
(Anderson y Dales, 1978; Hiller y cols., 1981; Stern  y Dales, 1974).  
 
2.2.- Organización genómica  
Los poxvirus poseen uno de los genomas más grandes de todos los virus ADN, 
pudiendo tener un tamaño aproximado de 200 Kb que codifican para unas 200 proteínas. 
El genoma del virus vaccinia de unos 62,3 µm (Esteban y cols., 1977) consta de una 
molécula lineal de ADN bicatenario con los extremos unidos covalentemente por 
estructuras en forma de horquilla que subyacen dentro de una región terminal invertida 
(ITR, de las siglas en inglés: “Inverted Terminal Repeat”). El ADN tiene un contenido muy 
alto en A+T y se encuentra asociado a proteínas virales adoptando una conformación 
superenrollada (Esteban y cols., 1977; Soloski  y Holowczak, 1981). Hasta la fecha se 
han secuenciado varios genomas de distintas especies de poxvirus, identificándose al 
menos unas 100 pautas abiertas de lectura (ORFs: “Open Reading Frames”) presentes 
en todos los Chordopoxvirus (Figura 2). 
Convencionalmente, la nomenclatura de las pautas de lectura abierta (ORFs) de 
los Orthopoxvirus está basada en la conservación de la distribución de los sitios Hind III 
en la región central del genoma (Moss, 2001). Consiste en asignar la letra del fragmento 
de ADN digerido con Hind III, seguido por la posición que ocupa dicha pauta dentro del 
fragmento (de izquierda a derecha) y de la letra L (Left) o R (Right) dependiendo de la 
dirección de transcripción. Los genes localizados en la región central del genoma, se 
encuentran altamente conservados dentro de la familia Poxviridae y están implicados en 
funciones esenciales como la replicación o el ensamblaje viral. Sin embargo, en la 
actualidad existe un mayor interés por los genes de las zonas más variables, que se 
encuentran localizados en los extremos del genoma y que codifican una serie de 
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proteínas involucradas en la interacción con la célula huésped y en los mecanismos de 
evasión del sistema inmune (Moss, 2001).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figura 2.- Estructura y organización del genoma del virus vaccinia (VACV). En la parte 
superior de la figura se muestra la molécula lineal de ADN bicatenario unido covalentemente en 
sus extremos (formando los lazos terminales), donde existen repeticiones en tandem. En la parte 
inferior se muestran algunos de los genes considerados en este trabajo. 
 
Los poxvirus expresan un extenso abanico de proteínas inmunomoduladoras que 
modifican el ambiente intra- y extracelular de la célula infectada. Estas proteínas 
modulan conjuntamente un amplio rango de respuestas celulares dirigidas a hacer frente 
a la infección viral entre las que se incluyen importantes procesos y rutas de señalización 
como la apoptosis, la inducción del interferón, las cascadas de señalización inducidas 
por estrés, la presentación de los antígenos por las moléculas del complejo mayor de 
histocompatibilidad (MHC) o la secreción de citoquinas pro-inflamatorias (Seet y cols., 
2003). La respuesta específica de estos factores codificados por los poxvirus es la 
responsable de las diferencias de cada especie para responder a los distintos 
mecanismos de defensa desencadenados por el huésped, así como de la migración 
progresiva a los distintos tipos celulares y tejidos durante la infección (McFadden, 2005). 
 
2.3.- Ciclo Infectivo 
Una de las características que distingue a los Poxvirus de otros virus ADN es que 
el virus permanece en el citoplasma durante todo el ciclo infeccioso, desde su entrada en 
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la célula hasta que la progenie viral sale a través de la membrana plasmática, 
sintetizando sus propias enzimas (ADN y ARN polimerasa), lo que le confiere “cierta 
independencia” de la célula. El ciclo infectivo del virus vaccinia, el mejor caracterizado de 
los poxvirus, se divide en 4 etapas: entrada, desencapsidación, expresión génica y 
replicación del ADN viral y finalmente morfogénesis viral y salida de la progenie (figura 
3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Figura 3: Ciclo infeccioso del virus vaccinia (VACV). Figura adaptada de McFadden, 2005. 
 
1- Entrada 
El proceso infectivo se inicia con la unión del virión a la membrana. El estudio de 
este proceso en el virus vaccinia se ha visto dificultado por la existencia de dos formas 
infectivas (MV y EV). Debido a la complejidad del virión, en el proceso de entrada tienen 
que intervenir varias proteínas cuya función aún no ha sido asignada. De hecho, el virus 
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vaccinia tiene un amplio tropismo y aún no se ha descrito un receptor celular específico 
para poxvirus (ver revisión (Moss, 2006)).   
Se ha propuesto que el MV entra en la célula por un proceso de fusión entre 
membranas (Chang  y Metz, 1976; Janeczko y cols., 1987). Este modelo de fusión 
directa implicaría la existencia de una o varias proteínas de fusión en la superficie del MV 
y la posterior liberación del core en el citoplasma tras la fusión. En este sentido se ha 
descrito que las proteínas D8, H3 y A27, productos de los genes D8L, H3L y A27L 
respectivamente, podrían estar implicadas en el proceso de adsorción viral, debido a su 
capacidad de unión a receptores celulares del tipo condroitín sulfato (D8) y heparán 
sulfato (H3 y A27) (Chang y cols., 1995; Hsiao y cols., 1999; Lai y cols., 1990; Maa y 
cols., 1990).  
Recientemente, se ha demostrado que la proteínas A21, L5, A28, H2, G3, G9, 
A16 y J5 presentes en la membrana del MV, están implicadas en el proceso de entrada 
del virus (Ojeda y cols., 2006; Senkevich y cols., 2004a, 2004b; Townsley y cols., 2005a, 
2005b). Así, partículas virales deficientes en alguna de estas proteínas son capaces de 
unirse a la superficie celular pero los cores no penetran en su interior, indicando un 
bloqueo en la fusión de membrana (Moss, 2006). 
Los primeros estudios realizados sobre el mecanismo de entrada del EV (Doms y 
cols., 1990; Payne  y Kristenson, 1979) sugerían un proceso independiente de pH, es 
decir, también por fusión, al romperse la membrana exterior que es muy frágil. Sin 
embargo, estudios posteriores utilizando drogas que inhiben la infectividad del EV, 
sugieren la entrada por endocitosis (Ichihashi, 1996; Townsley  y Moss, 2007; 
Vanderplasschen y cols., 1998).  
Los mecanismos moleculares de entrada del virus vaccinia en la célula no han 
sido elucidados, sin embargo, estudios recientes de nuestro laboratorio han identificado 
el complejo A17/A27 como proteínas de la membrana viral involucradas en fusión 
(Kochan y cols., 2007).  Debido a la complejidad de los poxvirus es probable que haya 
varias proteínas virales necesarias para la entrada por fusión directa de la membrana 
viral con la celular (MV) o tras el proceso de endocitosis por fusión a pH ácido (EV).  
 
2- Desencapsidación 
El paso siguiente es la liberación del nucleoide viral en el citoplasma celular 
donde el virus va a replicar. Una vez en el interior, los cores experimentan un proceso de 
desensamblaje que no conlleva una desintegración completa de su estructura sino más 
bien una permeabilización. Este proceso está caracterizado, en una primera etapa, por la 
pérdida de lípidos y proteínas del virión (Dales, 1965) y, en una segunda etapa, por una 
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mayor accesibilidad del genoma a la acción de las nucleasas de ADN exógenas (Sarov  
y Joklik, 1972).  
 
3- Expresión génica y replicación del ADN 
La replicación viral en los poxvirus es un complejo proceso morfogenético 
altamente conservado. Se caracteriza por ser un proceso en cascada y en el que se 
distinguen 3 fases de síntesis de ARN mensajeros y de proteínas virales, que se 
diferencian temporalmente en tempranas, intermedias y tardías (ver revisión (Broyles, 
2003)). 
 
3.1) Expresión de genes tempranos: Los mensajeros tempranos 
aparecen a los pocos minutos después de la entrada del virus en la célula ya que todos 
las enzimas, factores de trascripción y proteínas necesarias para la síntesis de estos 
mensajeros se encuentran empaquetados en el core del virión. Durante esta fase se 
transcribe más de la mitad del genoma viral que codifica proteínas que intervienen en la 
modulación de los mecanismos de defensa de la célula, en la replicación del ADN y en  
la transcripción de genes intermedios. 
Los estudios transcripcionales han demostrado que los promotores de los genes 
tempranos se caracterizan por tener secuencias ricas en A+T localizadas 
inmediatamente delante del sitio de inicio de la transcripción (Ink y Pickup, 1989; Moss, 
2001). La ARN polimerasa termina de transcribir los ARN mensajeros tempranos entre 
20 y 50 pb después de reconocer la señal de terminación  temprana TTTTTNT (Davison  
y Moss, 1989a; Yuen  y Moss, 1987). Estas secuencias de terminación suelen 
encontrarse en los extremos de los genes virales tempranos y muy raramente se 
localizan en la región codificante. 
  
3.2) Replicación del ADN viral: La replicación viral tiene lugar en áreas 
del citoplasma denominadas factorías virales y ocurre durante las dos primeras horas 
después de la entrada del virus. Se generan unas 10000 copias del genoma por célula 
de las que sólo la mitad llegan a empaquetarse. Todas las evidencias sugieren que no 
existe un origen específico de replicación viral y que las moléculas de ADN de la 
progenie proceden de la generación y posterior resolución de largos concatémeros 
(Moss, 2001). El proceso de replicación se inicia por la introducción de un corte en una 
de las cadenas, dejando así un extremo 3´ libre para iniciar la incorporación de 
desoxirribonucleótidos. La molécula replicada de ADN se vuelve sobre sí misma para 
copiar el genoma restante. De este modo, se forman concatémeros por replicación a 
través del bucle terminal, pudiéndose formar grandes concatémeros ramificados antes de 
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su separación. Después de la transcripción de los genes tardíos, se generan moléculas 
lineales de ADN viral con los extremos sellados y con secuencias invertidas y 
complementarias (Traktman, 1991). El ADN así producido se acumula en las factorías 
para luego ser empaquetado y dar lugar a la formación de las partículas virales. 
 
  3.3) Expresión de genes intermedios: Después de la replicación del 
ADN y antes de que se expresen los genes más abundantes, es decir, los tardíos, tiene 
lugar la transcripción de una serie de genes llamados intermedios. Estos genes codifican 
los factores necesarios para la transcripción de los genes tardíos. Hasta la fecha, sólo se 
conocen siete genes pertenecientes a este grupo y por mutagénesis se ha identificado el 
tetranucleótido TAAA como elemento iniciador de promotores intermedios. 
 
  3.4) Expresión de genes tardíos: La transcripción de los genes tardíos, 
localizados mayoritariamente en la región central del genoma, se inicia después de la 
expresión de los genes intermedios, entre las 2-3 horas después del inicio de la 
infección, y continúa a lo largo del proceso infectivo. El elemento iniciador de la 
transcripción es la secuencia TAAATG/A y la secuencia de terminación temprana 
TTTTTNT se encuentra en la región codificante de muchos genes tardíos (Davison  y 
Moss, 1989b). Los transcritos presentan los extremos 5´ poliadenilados y son 
heterogéneos en su extremo 3´ debido a la ausencia de señales de terminación 
específicas de transcripción tardía (Moss, 2001). Los genes tardíos codifican proteínas 
estructurales del virión así como las enzimas necesarias para la trascripción de genes 
tempranos que también se incorporan al virión. 
Además, también a tiempos tardíos se produce transcripción opuesta de ambas 
cadenas del ADN, lo que da lugar a la formación de moléculas de ARN bicatenario. A 
pesar de que éstas son potentes inductores de proteínas celulares causantes de muerte 
celular (PKR o ARNasa L), el virus reduce sus efectos mediante la producción de 
proteínas tempranas que participan en la inhibición de los mecanismos de defensa 
antiviral, como es el caso de las proteínas E3 y K3 que se unen a ARN bicatenario.  
 
4- Morfogénesis y salida de la progenie 
Una vez replicado el ADN y sintetizadas todas las proteínas virales, comienza el 
proceso de morfogénesis. Como hemos descrito previamente, existen dos formas 
infectivas del virus vaccinia que se diferencian en el número de membranas que 
adquieren de la célula infectada. Así, en el proceso de formación de las partículas 
infecciosas hay una serie de estadíos intermedios que incluyen la adquisición de estas 
membranas (Figura 4). A diferencia de otros virus ADN, el VACV replica y se ensambla 
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en unos compartimentos perinucleares localizados en el citoplasma denominados 
factorías virales o virosomas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figura 4: Morfogénesis del virus vaccinia. 
(A) Esquema de los distintos estadíos de la 
morfogénesis del virus vaccinia (adaptado 
de Smith y cols. 2002). IV: virus inmaduros; 
MV: virus intracelulares maduros; WV: virus 
intracelulares con envuelta; CEV: virus 
asociado a la célula; EV: virus extracelulares 
MT: microtúbulos. (B) Microscopía 
electrónica de las distintas formas virales 
que se producen en células HeLa durante el 
ciclo infeccioso de la cepa Western Reserve 
(VACV-WR) del virus vaccinia. Figura 
adaptada de Gallego-Gómez y cols., 2003) 
 
 
 
 
 
 
La morfogénesis es un proceso muy complejo que ocurre en varias etapas. 
Comienza con la formación de crestas membranosas alrededor de un material 
electrondenso que contiene el ADN viral y las proteínas del core, dando lugar a la 
formación de formas esféricas denominadas virus inmaduros (IVs, “Inmature Virus”). A 
continuación tiene lugar la proteólisis y condensación del core viral, transformando los 
IVs en viriones intracelulares maduros (MVs, “Mature Virus”). Éstos tienen una estructura 
ovalada en forma de ladrillo y son las primeras formas infectivas del VACV. Los MVs 
representan la gran mayoría de los viriones producidos durante el ciclo infeccioso y 
permanecen atrapados dentro de la célula infectada hasta su lisis. Una parte de los MVs 
se mueven a través de  microtúbulos desde las factorías virales hasta el trans-golgi, 
donde adquieren una segunda membrana transformándose en virus intracelulares con 
envuelta (WVs, “Wrapped Virus”). Los WVs son también transportados a través de la red 
de microtúbulos hasta la membrana plasmática, fusionándose con esta última y liberando 
al exterior virus envueltos que pueden permanecer retenidos en la superficie originando 
los virus con envuelta asociados a la célula (CEVs, “Cell-associated Enveloped Virus) o 
liberarse al medio que se denominan virus extracelulares con envuelta (EVs, “Enveloped 
B 
A 
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Virus”). Los CEVs inducen la formación de colas de actina que proyectan las partículas 
virales fuera de la célula, permitiendo la infección célula a célula, mientras que los EVs 
facilitan la diseminación del virus a larga distancia. 
 
3.- APLICACIONES DE LOS POXVIRUS 
La viruela ha sido una de las enfermedades más devastadoras que ha conocido 
el hombre a lo largo de toda su historia y, hasta el momento, es la única enfermedad que 
ha conseguido ser completamente erradicada.  
En el año 1776, Edward Jenner, un médico inglés, inoculó a un niño de ocho años 
con el virus Cowpox procedente de la llaga de la mano infectada de una ordeñadora 
(Jenner, 1798), tras lo cual el niño quedó protegido frente a la viruela. Este 
procedimiento recibió el nombre de vacunación y se extendió rápidamente por Europa y 
el resto del mundo (Miller, 1957). Hacia finales de la década de los 60, se emprendió una 
campaña de erradicación de la viruela a nivel mundial que culminó en 1977 con el último 
caso de viruela natural detectado en Somalia (Fenner  y Nakano, 1988b). De este modo, 
en 1980, la Organización Mundial de la Salud (OMS) declara erradicada la viruela, 
recomendando el cese de la vacunación con el virus vaccinia (W.H.O., 1980).  
Hasta entonces, el virus vaccinia se había utilizado como modelo para los 
primeros estudios biológicos y bioquímicos en virología (Smadel  y Hoagland, 1942). En 
este sentido, fue el primer virus animal en ser crecido y titulado en cultivo celular, fue 
analizado químicamente (Fenner, 1989) y purificado en cantidades suficientes como 
para demostrar que contenía ADN pero no ARN (Smadel y cols., 1942) y además, fue el 
primero en ser visualizado bajo un microscopio electrónico (Ruska  y Kausche, 1943). 
Sin embargo, fue precisamente en el año 1980, cuando los poxvirus recobran 
nuevamente un gran interés científico, debido al desarrollo de la manipulación genética y 
a la aplicación de la tecnología del ADN recombinante al virus vaccinia.  
Dos años más tarde, los grupos dirigidos por los doctores Bernie Moss y Enzo 
Paoletti demostraron que el virus vaccinia tenía la capacidad de incorporar en su genoma 
de forma estable una gran variedad de genes procedentes de otras especies. Esto 
supuso una revolución en el campo de las vacunas, ya que estos virus recombinantes 
podrían conferir protección frente a un determinado agente infeccioso cuando se les 
inoculase a animales de laboratorio (Moss, 1996; Paoletti, 1996). Por primera vez, un 
poxvirus era considerado como candidato vacunal contra otros patógenos, siempre y 
cuando, no produjera efectos secundarios y se demostrara su eficacia.  
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En la actualidad, las aplicaciones de los poxvirus pueden dividirse en tres áreas:  
A) Para el estudio de la propia biología molecular de los poxvirus. Todavía se 
desconocen muchos aspectos del ciclo infectivo como, por ejemplo, la entrada 
del virus, los mecanismos de interacción entre el virus y la célula hospedadora 
o los determinantes de la virulencia y la patogénesis de la enfermedad. Por lo 
tanto, el estudio de las diferentes cepas y mutantes de los poxvirus podrían 
ayudarnos a esclarecer alguno de estos aspectos.   
B) Para la expresión y caracterización funcional de proteínas en eucariotas. Los 
recombinantes del virus vaccinia son un potente sistema de expresión de 
proteínas heterólogas en células eucariotas. 
C) Como vacuna viva o como vector vacunal para la profilaxis de enfermedades 
infecciosas. 
 
La experiencia obtenida durante la campaña de erradicación de la viruela sirvió 
para definir al virus vaccinia como un potente inmunógeno. De este modo, los 
recombinantes del virus vaccinia son un atractivo sistema de expresión, capaz de inducir 
una fuerte respuesta inmune, tanto celular como humoral, frente al antígeno heterólogo. 
Además de incorporar fácilmente grandes cantidades de material genético exógeno, la 
generación de recombinantes basados en los poxvirus tiene un bajo coste de producción 
y una gran estabilidad, permitiendo altos niveles de expresión del antígeno heterólogo. 
En la tabla I se muestran las ventajas pricipales de los poxvirus como vector vacunal.  
 
 
 
 
 
 
 
 
 
 
 
 
 Tabla I: Ventajas de los Poxvirus como vectores de expresión y/o vacunas vivas 
 
El éxito de la utilización de vacunas basadas en poxvirus se demostró en los 
estudios de campo llevados a cabo con un virus recombinante de vaccinia que 
expresaba la proteína G de la envuelta del virus de la rabia (VRG). El vector se construyó 
• Gran capacidad de inserción de ADN exógeno (hasta 25 Kb) 
• Bajo coste de producción 
• Facilidad de generación de recombinantes altamente estables 
• Altos niveles de expresión del antígeno heterólogo 
• Fácil distribución mundial 
• Inducción de una potente respuesta inmune tanto humoral como celular 
• Disponibilidad de cepas altamente atenuadas (MVA, NYVAC, ALVAC) 
Ventajas de los Poxvirus como vectores                       
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mediante la inserción del ADN bicatenario que codifica para dicha proteína G en el gen 
de la timidina-quinasa (TK) de la cepa Copenhagen del virus vaccinia (VACV-COP) 
(Kieny y cols., 1984). La eliminación del gen TK permitió una selección bioquímica del 
recombinante así como la obtención de un fenotipo atenuado del vector. Se observó que 
la administración de esta vacuna en cápsulas comestibles inducía una respuesta 
inmunológica contra la rabia en animales capaces de transmitir la enfermedad. Así, este 
recombinante ha sido utilizado como vacuna antirrábica para zorros en distintas regiones 
geográficas de Europa y Estados Unidos, obteniendo buenos resultados tanto de 
seguridad como de eficacia. Del mismo modo, se han generado una gran variedad de 
poxvirus recombinantes contra enfermedades virales (gripe, encefalitis, enteritis, hepatitis 
o SIDA), bacterianas (neumonías), parasitarias (malaria o lehismaniasis) y tumorales 
(melanoma, adenocarcinoma o cáncer de próstata), que se encuentran en fase de 
experimentación. Sin embargo, los efectos secundarios no deseados asociados al uso de 
las cepas convencionales del virus vaccinia, pueden comprometer la salud de individuos 
inmunodeprimidos, ya que en estos pacientes, el virus es capaz de diseminarse. La 
frecuencia de aparición de efectos adversos tras la inmunización con el virus vaccinia es 
de 1 en 50000 (Fenner y cols., 1988a; Fenner y cols., 1988b). Esta problemática volvió a 
ser evidente durante la última campaña de vacunación frente a viruela en la población 
militar de Estados Unidos, en el año 2003, donde aparecieron varios casos de miocarditis 
aguda en individuos jóvenes sanos (Halsell y cols., 2003).  
Estos problemas han llevado a la comunidad científica a la búsqueda de nuevas 
vacunas más seguras pero todavía eficaces. Son numerosas las estrategias que se han 
diseñado para aumentar la seguridad de los poxvirus. En este sentido, se han generado 
numerosas cepas atenuadas incapaces de replicar en células humanas. Entre ellas 
podemos incluir: la generación de virus defectivos en genes esenciales que no llegan a 
completar el ciclo infeccioso (Holzer  y Falkner, 1997; Ober y cols., 2002), los vectores 
con restricciones en el rango de hospedador como es el caso de los avipoxvirus 
atenuados (ALVAC, TROVAC), o aquellos vectores con mutaciones en genes no 
esenciales como son las cepas atenuadas del virus vaccinia MVA, NYVAC o los 
mutantes generados por nuestro grupo, M47, M65 y M101 (Dallo  y Esteban, 1987; Paez 
y cols., 1985).  
Las cepas atenuadas de avipoxvirus como ALVAC (canarypox) o TROVAC 
(fowlpox) han sido ampliamente utilizadas como vacunas en pollos para protegerlos 
frente a la enfermedad de Newcastle y la gripe aviar H5. Estas cepas han demostrado 
ser unos vectores extremadamente seguros y eficaces en mamíferos. De hecho, durante 
la última década, se han generado un gran número de recombinantes que utilizan la 
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cepa ALVAC como vector parental y son numerosos los ensayos, tanto en animales 
como en humanos, que demuestran la seguridad y eficacia protectora de este vector 
(Poulet y cols., 2007).  
 
4.- CEPAS ATENUADAS DEL VIRUS VACCINIA 
Como hemos visto en el apartado anterior, la seguridad del virus vaccinia también 
puede incrementarse introduciendo mutaciones en el genoma, ya sea por medio de la 
atenuación clásica o a través de la eliminación selectiva de genes. De esta forma, se han 
generado los que a día de hoy, son considerados como los candidatos vacunales de 
elección frente a numerosas enfermedades infecciosas y en cáncer: MVA y NYVAC. 
 
4.1 Virus Modificado de Ankara (MVA) 
La atenuación clásica, una de las estrategias seguidas para mejorar la seguridad 
de los vectores, consiste en someter al virus a pases sucesivos en un huésped no 
natural y aislar las variantes virales que tengan las características más apropiadas. 
El ejemplo más significativo lo encontramos en el virus modificado de Ankara 
(MVA, de sus siglas en inglés). MVA fue clásicamente atenuado tras ser sometido a más 
de 500 pases sucesivos en fibroblastos embrionarios de pollo. Durante el curso de su 
generación, perdió un 15 % del genoma parental, así como su capacidad para replicar en 
células humanas y en la mayoría de células de mamífero. 
Esta cepa se generó para ser utilizada como vacuna profiláctica durante las 
últimas décadas de la campaña de erradicación de la viruela en Alemania, donde más de 
120000 individuos fueron vacunados sin presentar ninguna complicación, incluso en 
aquellos pacientes inmunodeprimidos.  
En 1998, Antoine y cols., publicaron la secuencia completa de MVA. Su genoma 
contiene 178 Kb frente a las 208 Kb de su cepa parental. Se han mapeado 193 ORFs 
(fases de lectura abierta), que corresponden a 177 genes, 25 de los cuales están 
parcialmente delecionados y/o han sufrido mutaciones dando lugar a proteínas truncadas 
(Antoine y cols., 1998).  
Su fenotipo atenuado es resultado de las numerosas fragmentaciones y 
mutaciones que presenta en su genoma viral (figura 5), particularmente de aquellas que 
afectan a las proteínas de interacción con el hospedador, entre las que se encuentra el 
producto del gen K1L, necesario para la replicación de VACV en células humanas, así 
como determinadas proteínas estructurales que controlan la morfogénesis viral (ver tabla 
II).  
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A diferencia de la cepa Copenhagen (VAC-COP), en el genoma de MVA 
podemos observar en la región terminal izquierda, 4 grandes deleciones  y varios ORFs 
fagmentados. De hecho, tan sólo 8 de los 27 genes de esta zona aparecen intactos, 
entre los que destaca el gen de rango de hospedador C7L. La región terminal derecha 
contiene 3 deleciones más que afectan a genes cuyos productos están involucrados en 
la evasión de la respuesta inmune del hospedador, tales como los homólogos del 
receptor de los interferones α, β, γ , el homólogo del receptor de TNF o el de 
quimioquinas. Sin embargo, en esta región se mantiene intacto el gen que codifica el 
factor homólogo al IL-1βR. Finalmente, en la región central, el MVA también presenta 
genes fragmentados que codifican proteínas estructurales, como son F5L, F11L y O1L. 
 
 
 
 
 
 
 
 
 
Figura 5: Organización genómica de la cepa MVA. En la parte superior de la figura se muestra 
la molécula lineal de ADN bicatenario. En la parte inferior se muestra en rojo las delecciones que 
se introdujeron en el genoma de MVA durante el curso de su atenuación.  
 
Si comparamos la restricción de hospedador (hr, “host range”) de MVA con la de 
otros mutantes del virus vaccinia  (Chang y cols., 1995; Hsiao y cols., 2004; Ramsey-
Ewing  y Moss, 1998; Ramsey-Ewing  y Moss, 1996), el fenotipo de MVA es único en 
varios aspectos. Primero, la restricción es más amplia que la de otros mutantes, siendo 
sólo capaz de replicar en células CEF y BHK-21. Además, el bloqueo en las líneas 
celulares no permisivas ocurre en estadíos tardíos, afectando al ensamblaje de ciertas 
proteínas estructurales, sin alterar la expresión de genes tempranos, intermedios o 
tardíos. En otros mutantes, por el contrario, si que existe una inhibición en la síntesis de 
proteínas virales y por lo que el bloqueo en el ciclo infeccioso ocurre en estadíos más 
tempranos. Trabajos de microscopía electrónica entre los que se encuentran algunos 
realizados en el laboratorio, han identificado los estadíos donde se produce el bloqueo 
en el proceso de morfogénesis de MVA en células humanas, en el que sólo se forman 
partículas inmaduras (IVs) y no se produce diseminación del virus dentro del huésped 
(Sancho y cols., 2002; Sutter  y Moss, 1992); (Gallego-Gomez y cols., 2003). 
A BC NMK F E P DHJLGO I
aprox. 30 Kb
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región central 
conservada
región terminal
izquierda
región terminal 
derecha
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Son muchos los trabajos realizados para demostrar la seguridad de MVA tanto “in 
vitro” como “in vivo”(Belyakov y cols., 2003; Blanchard y cols., 1998; Drexler y cols., 
2004). Experimentos llevados a cabo por Wyatt y cols. en 1998, indican que las 
deleciones tienen un efecto aditivo, ya que para la correcta replicación del virus en 
células de mamífero es necesaria la reinserción de varias de las mutaciones que 
presenta MVA (Wyatt y cols., 1998). Por otro lado, varios estudios han demostrado que 
la inoculación intracraneal de MVA no provoca ningún signo de enfermedad en el animal, 
de hecho, previene la neurovirulencia inducida tras un desafío letal con la cepa 
competente en replicación por ruta intracerebral. Además, la seguridad de MVA también 
se ha demostrado en distintos modelos de animales inmunosuprimidos (Mayr y cols., 
1978; Stittelaar y cols., 2001; Werner y cols., 1980). Todos estos datos sugieren que la 
atenuación de MVA y la consecuente pérdida de genes del rango hospedador reduce su 
virulencia y patogénesis en el animal. Por todas estas razones, MVA es considerado 
como un virus seguro y puede ser manipulado bajo condiciones de seguridad de 
laboratorio de nivel 1, dado que la posibilidad de que se generen revertientes 
espontáneos resulta muy improbable. 
A pesar de que los recombinantes basados en MVA son seguros y capaces de 
expresar la proteína de interés de igual manera que las cepas silvestres del VACV 
(Blanchard y cols., 1998), su utilización como vector requiere la demostración de su 
inmunogenicidad y eficacia clínica. Se han realizado numerosos esfuerzos para 
caracterizar las bases moleculares de la respuesta inmune estimulada por las vacunas 
basadas en esta cepa. Entre los logros más importantes podemos destacar los ya 
mencionados como la caracterización molecular del ciclo viral en líneas celulares no 
susceptibles a la infección (Gallego-Gómez y cols., 2003) o la secuenciación de su 
genoma completo (Antoine y cols., 1998), que reveló que MVA ha perdido genes 
importantes de evasión del sistema inmune que modulan la respuesta innata basándose 
en las funciones de citoquinas y quimioquinas. Consecuentemente, la ausencia de estos 
genes parece ser la responsable de la respuesta específica de citoquinas inducida tras la 
infección con MVA (Ramírez y cols., 2000). Apoyando esta hipótesis, estudios realizados 
en el laboratorio utilizando la técnica de microarrays (Guerra y cols., 2004; Guerra y 
cols., 2006), han revelado un patrón diferencial de expresión génica en células humanas 
tras la infección con la cepa competente en replicación WR respecto a las cepas 
atenuadas MVA o NYVAC. Estos estudios realizados en células HeLa indican que 
existen similitudes pero también diferencias claras, en genes inmunomoduladores como 
IL-7, IL-1α, IL-8 o IL-15 entre las distintas cepas. Las diferencias encontradas entre las 
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cepas MVA y NYVAC se han hecho más evidentes en un estudio reciente llevado a cabo 
en células dendríticas humanas ((Guerra y cols., 2007), anexo 1) 
Todas estas características atribuidas a MVA hacen que, a pesar de su 
atenuación, los recombinantes basados en esta cepa sean altamente inmunogénicos 
siendo capaces de generar linfocitos T citotóxicos (CTLs) específicos y anticuerpos 
neutralizantes frente a antígenos recombinantes (Excler  y Plotkin, 1997). Distintos 
estudios llevados a cabo en modelos de ratón y en primates no humanos han 
demostrado su eficacia en la producción de anticuerpos y en la respuesta CTL específica 
frente a antígenos de gripe, malaria o VIH (Sutter y Staib, 2003). Además, su restricción 
en rango de hospedador así como su inmunogenicidad, demostrada también en 
humanos, hacen del MVA un vector de expresión seguro, y convierte a los 
recombinantes de MVA en prometedores candidatos vacunales frente a un amplio 
espectro de enfermedades infecciosas y en cáncer (Amara y cols., 2001; Amara y cols., 
2002; Brave y cols., 2007; Earl y cols., 2007; Gherardi  y Esteban, 2005; Graham, 2002; 
Kreijtz y cols., 2007; Liu y cols., 2007; Ramírez y cols., 2000; Vuola y cols., 2005; 
Webster y cols., 2005).   
 
4.2.- Virus atenuado de la cepa Copenhagen: NYVAC 
NYVAC es una cepa altamente atenuada derivada de la cepa Copenhagen 
(VACV-COP) de la que fueron  eliminados por ingeniería genética 18 genes no 
esenciales entre los que se encuentran: genes implicados en virulencia, patogenicidad y 
genes que interaccionan con la célula huésped (Tartaglia y cols., 1992b), dando como 
resultado un virus con una reducida capacidad de replicación en un amplio rango de 
células de mamífero entre las que se incluyen las de origen humano (Figura 6).  
 
 
 
 
 
 
 
 
 
Figura 6: Organización genómica de la cepa NYVAC. En la parte superior de la figura se 
muestra la molécula lineal de ADN bicatenario. En la parte inferior se muestra en rojo las 18 
deleciones que se introdujeron para su generación. 
A B
región central 
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región terminal
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Entre los genes delecionados se encuentra el gen J2R que codifica la timidina 
quinasa (TK). La inactivación o deleción completa de este gen no afecta al crecimiento 
del virus, sin embargo, mutantes del virus vaccinia en el gen TK han mostrado un 
fenotipo atenuado en ratones inoculados por ruta intracerebral o intraperitoneal (Buller, 
1985; Buller y cols., 1985). Lo mismo ocurre con la inactivación del gen I4L, que codifica 
la subunidad grande de la enzima ribonucleótido reductasa implicada en el metabolismo 
de nucleótidos (Child y cols., 1990), y con la inactivación del gen de la hemaglutinina 
(A56R), que produce una neurovirulencia reducida en conejos inoculados por ruta 
intracraneal (Shida y cols., 1987). Los genes B13R/B14R tienen homología con los 
inhibidores de la serina proteasa I e inhiben la respuesta inflamatoria del hospedador. El 
gen ATI (A26L), cuya función es la protección de los viriones del virus cowpox durante la 
diseminación entre animales (Bergoin y cols., 1971), también fue delecionado. 
Finalmente, se han descrito diversas deleciones espontáneas cerca del extremo 
izquierdo del genoma del virus vaccinia. Se demostró que la cepa WR con una deleción 
de 10 kb mostraba un fenotipo atenuado después de la inoculación intracraneal (Buller y 
cols., 1991; Buller y cols., 1985; Moss y cols., 1981). Más tarde se demostró que esta 
deleción incluía 17 ORFs potenciales, entre los que se incluyen los genes N1L o C3L, 
cuya función parece estar implicada en la evasión de los mecanismos de defensa del 
hospedador. El extremo izquierdo también incluye dos ORFs identificados como genes 
de ámbito del hospedador, K1L (Gillard y cols., 1986) y C7L (Perkus y cols., 1990). Su 
ausencia en el genoma de NYVAC está asociada con la reducida capacidad del virus 
para replicar en un amplio rango de líneas celulares de origen humano, así como en 
células de conejo o de cerdo (RK-13, PK15) (Oguiura y cols., 1993; Tartaglia y cols., 
1992a). Sin embargo, NYVAC es capaz de replicar con la eficiencia de una cepa 
silvestre en células Vero y en cultivos primarios de fibroblastos embrionarios de pollo 
(CEF) (Tartaglia y cols., 1994; Tartaglia y cols., 1992a).  
Hasta la fecha existe muy poca literatura sobre la biología molecular o el 
comportamiento de este virus en células en cultivo. Sin embargo, son numerosos los 
ejemplos en los que se utiliza NYVAC como vacuna recombinante, demostrando su 
eficacia y seguridad en varios modelos animales (Tartaglia y cols., 1994; Tine y cols., 
1996). Así, NYVAC no es capaz de diseminarse en ratones inmunodeprimidos y muestra 
una reducida capacidad para replicar en una gran variedad de tejidos humanos sin llegar 
a producir partículas infecciosas(Tartaglia y cols., 1992b).  
Por todas estas razones, NYVAC es considerado como un vector seguro y puede 
usarse en condiciones ACGM de nivel 1 (“Advisory Committee on Genetic 
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Modifications”), siempre que la naturaleza del inserto no afecte a la seguridad del vector. 
En este sentido, distintos ensayos clínicos en humanos han demostrado la seguridad de 
los vectores derivados de esta cepa frente a enfermedades como malaria, SIDA o 
encefalitis japonesa (Benson y cols., 1998; Franchini y cols., 2004; Ockenhouse y cols., 
1998; Precopio y cols., 2007; Sheppard y cols., 2007).  
 
En la siguiente tabla se detallan los genes delecionados en MVA y NYVAC con 
sus respectivas funciones. 
 
VACV-
COP 
MVA NYVAC Función 
C22L - C22L Modulador de la respuesta antiviral. Codifica una proteína homóloga al receptor de TNF 
C21L - C21L Modulador de la respuesta antiviral. Inhibe las rutas clásica y alternativa del sistema del complemento 
C20L - C20L Codifica una proteína con dominios de anquirina 
C18L - C18L Posible gen de rango de hospedador. Codifica una proteína con dominios de anquirina. 
003L 
C17L 
004L 
C17L Posible gen de rango de hospedador. Codifica una proteína con dominios de anquirina. 
C16L - C16L Función desconocida 
C15L - C15L Función desconocida 
C12L* 008L - Modulador de la respuesta antiviral. Se une a la IL18 e inhibe IL18 inducida por IFN-gamma 
014L 
015L C9L 
016L 
C9L Posible gen de rango de hospedador. Codifica una proteína con dominios de anquirina. 
C7L 018L C7L Rango de hospedador (hr). Necesario para la replicación del virus en células humanas 
C6L 019L C6L Función desconocida 
C5L - C5L Función desconocida 
C4L - C4L Función desconocida 
C3L - C3L Modulador de la respuesta antiviral. Inhibe la ruta clásica del sistema del complemento 
C2L - C2L Modulador de la respuesta antiviral. De la familia de las proteínas tipo Kelch. Implicado en respuesta inflamatoria 
C1L - C1L Función desconocida 
N1L 020L N1L Modulador de la respuesta antiviral. Interviene en la señalización de NFkB 
N2L 021L N2L Codifica una proteína que tiene como diana la alpha-amianitina 
M1L - M1L Codifica para una proteína con dominios de anquirina 
M2L - M2L Función desconocida 
K1L 022L K1L 
Rango de hospedador (hr). Necesario para la replicación del 
virus en células de conejo. Es capaz de complementar a C7L en 
células humanas 
K6L 027L K6L Función desconocida. Posible fosfolipasa 
033L 
F5L 
034L 
F5L Posible proteína principal de membrana 
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VACV-
COP 
MVA NYVAC Función 
F11L 041L F11L Serin/threonin quinasa. Implicado en el control de la eleongación de la transcripción 
059L 
O1L 
060L 
O1L Función desconocida 
I4L 065L I4L Interviene en metabolismo de ácidos nucleicos. Subunidad grande de la ribonucleotido reductasa 
J2R 086R J2R Timidina quinasa. Implicado en virulencia 
A26L* 137L A26L Proteína tipo A que forma cuerpos de inclusión. Diseminación del virus de animal a animal  
150R 
A39R 
151R 
A39R Modulador de la respuesta antiviral. De la familia de las semaforinas 
A52R - A52R Modulador de la respuesta antiviral. Homologo a TLR. Tiene como diana a IRAK-2 y TRAF-6  
A53R - A53R Modulador de la respuesta antiviral. Homologo al receptor de TNF 
A55R - A55R Modulador de la respuesta antivira. De la familia de las proteínas tipo Kelch. Implicado en respuesta inflamatoria 
A56R 165R A56R Hemaglutinina. Proteína de membrana de los EVs. Inhibe fusión 
168R 
B2R 
169R 
B2R Función desconocida 
171R 
B4R 
172R 
B4R Codifica una proteína con dominios de anquirina 
B8R 176R* B8R Modulador de la respuesta antiviral. Se une e inhibe al IFN-α/β de varias especies. * En MVA no es funcional 
B13R 181R B13R 
B14R 182R B14R 
Modulador de la respuesta antiviral. Inhibe la apoptosis mediada 
por TNF y FasL 
B16R* 184R - Modulador de la respuesta antiviral. Codifica una proteína homóloga al receptor de IL-1β 
B20R - B20R Codifica para una proteína con dominios de anquirina 
B21R - B21R Homólogo a C15L 
190R 
B23R 
191R 
B23R Homólogo a C17L 
B24R - B24R Homólogo a C18L 
B26R - B26R Homólogo a C20L 
B27R - B27R Homólogo a C21L 
B28R - B28R Homólogo a C22L 
 
Tabla II: Función de los genes delecionados en las cepas MVA y NYVAC. En rojo se 
muestran los genes ausentes o parcialmente delecionados dentro del genoma de capa cepa viral 
y en verde los genes intactos. VACV-COP: cepa Copenhagen del virus vaccinia; El asterisco 
indica que el gen se encuentra inactivo o ausente en la cepa parental. 
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5.- Protocolo de inmunización de Prime-boost  
A pesar de que los poxvirus son unos potentes inmunógenos, la experiencia 
obtenida tanto en los modelos preclínicos (en ratones y monos) como en los clínicos (en 
humanos), nos indica que para inducir una potente respuesta inmune celular es 
necesaria la utilización de sistemas combinados de inmunización. 
En este sentido, nuestro laboratorio ha sido pionero en el desarrollo de un 
protocolo de inmunización heterólogo denominado “Prime-Boost” (inmunización-refuerzo) 
que permite combinar distintas estrategias vacunales para lograr una potenciación de la 
respuesta inmune que se correlacione con protección (Li y cols., 1993; Zavala y cols., 
2001).  Debido a su aceptación general, en este estudio utlizaremos la denominación en 
inglés de “prime/boost”. 
Resultados de varios estudios en el modelo de malaria demuestran que la 
respuesta inmune aumenta considerablemente cuando se combinan dos vectores 
heterólogos expresando el mismo antígeno siguiendo éste protocolo de inmunización. 
A partir de éstos trabajos, se han ensayado diversas combinaciones en modelos 
animales y humanos frente a diferentes patógenos; Así, por ejemplo, el protocolo de 
inmunización basado en la administración de un virus Influenza que expresa la proteína 
CS de Plasmodium yoelii, seguido de una segunda dosis con un virus vaccinia que 
expresa el mismo antígeno, fue capaz de incrementar más de 20 veces el número de 
células T CD8+ específicas secretoras de IFN-γ respecto al número obtenido tras una 
única inmunización. La secuencia de administración de los vectores también resultó ser 
esencial, ya que el protocolo de inmunización inverso no mejoró la respuesta 
inmunológica (Reyes-Sandoval y cols., 2007).  
En la actualidad, existe un consenso generalizado de que una primera dosis con 
ADN recombinante, seguido de una segunda inmunización con un vector viral que 
exprese el mismo antígeno, genera los mayores niveles de inmunidad específica, que en 
algunas ocasiones, permite la protección frente a distintos enfermedades infecciosas 
como SIDA, leishmaniasis o malaria entre otras. De hecho, en el modelo de malaria, son 
numerosos los trabajos en los que emplean múltiples combinaciones de distintos 
vectores plasmídicos y virales (vaccinia y adenovirus). En todos ellos, la potenciación de 
la respuesta inmune se correlacionó con una inmunidad esterilizante frente a malaria en 
el 100 % de los animales vacunados (ver revisión, (Reyes-Sandoval y cols., 2007)). 
Varios estudios realizados en otros campos como por ejemplo, el SIDA, han 
confirmado la capacidad de los poxvirus para potenciar la respuesta primaria inducida 
por otros vectores virales o plasmídicos. Por ejemplo, trabajos realizados en el 
laboratorio han demostrado que la administración del virus vaccinia que expresa la 
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envuelta (env) del VIH-1 es capaz de incrementar en 5 ó 6 veces la respuesta celular 
inducida por un recombinante basado en el virus influenza que expresa un epítopo de 
células T CD8+ presente en la región V3 de esta proteína, siendo incluso mayo la 
respuesta cuando el virus utilizado en la segunda inmunización fue MVA (Gherardi y 
cols., 2003).  
En la actualidad se están ensayando en fase clínica varios protocolos de 
inmunización que utilizan éstos recombinantes contra enfermedades como SIDA, 
malaria, encefalitis japonesa o cáncer, validando no sólo la seguridad de estos vectores 
sino también demostrando su capacidad para inducir respuestas inmunológicas 
antígeno-específicas potentes en humanos.  
  
6.- Vacunas frente al VIH/SIDA 
Desde la identificación del virus de la inmunodeficiencia humana (VIH) como 
agente causal del Síndrome de la InmunoDeficiencia Adquirida (SIDA), hace ahora más 
de 20 años, la pandemia del VIH no ha mostrado ningún signo de desaceleración o 
abatimiento, y su impacto ha superado todas las expectativas. La Organización Mundial 
de la Salud (OMS) estima que sólo en el año 2006 más de 5 millones de personas 
contrajeron la infección por el VIH, lo que supone la mayor cifra registrada de nuevas 
infecciones en un solo año desde el principio de la epidemia. Hasta la fecha, al menos 60 
millones de personas han contraído la infección, y se calcula que cada día se producen 
unas 14.000 nuevas infecciones (Figura 7) (www.unaids.com).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      Figura 7: Prevalencia y distribución geográfica de la infección por VIH-1 en el año 2006 
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El 95% de las nuevas infecciones se produce en los países en vías de desarrollo, 
siendo el África subsahariana y Asia central las áreas de mayor impacto, lo que supone 
casi dos tercios del total global de personas que viven con VIH/SIDA pero sólo un 10% 
de la población mundial. Las diferencias geográficas y económicas de esta enfermedad 
son evidentes, ya que más del 95% de los casos y el 95% de las muertes por SIDA 
ocurren en el tercer mundo (70% en África), sobre todo entre jóvenes adultos, con un 
incremento progresivo entre las mujeres (OMS, 2005). España continúa siendo el país 
con mayor número de personas infectadas por el VIH de la Unión Europea (UE). 
Una de las peculiaridades del VIH-1 es su elevada variabilidad. Las cepas de 
VIH-1 pueden clasificarse en 3 grupos: M (“Mayor”), O (“Outlier”) y N (“New”) que pueden 
representar tres introducciones independientes del virus de la inmunodeficiencia de simio 
(SIV) en el humano. El grupo O parece estar restringido al centro-oeste de África y el 
grupo N, descubierto en 1998, es extremadamente raro. Más del 90% de las infecciones 
por VIH-1 pertenecen al grupo M. Dentro del grupo M se conocen al menos 9 subtipos 
genéticamente distintos y se han descrito más de 30 formas recombinantes circulantes 
(CRFs). Los subtipos y CRFs de VIH-1 están distribuidos de un modo dispar a nivel 
mundial, siendo los más diseminados los subtipos B y C. Históricamente el subtipo B ha 
sido el genotipo más común en América, Europa, Japón y Australia, y es el que más se 
ha utilizado en el desarrollo de vacunas. Por otro lado, el subtipo C es el más abundante 
globalmente, representando más del 50% de las infecciones, especialmente en el África 
subsahariana, India y Nepal.  
Los programas de prevención existentes han ralentizado la extensión de nuevas 
infecciones en algunos lugares, pero son incapaces de frenar la expansión de la 
pandemia. El tratamiento con antiretrovirales ha constituido una terapia importante contra 
el SIDA, pero estos fármacos no suponen una cura, y su coste y complejidad de 
utilización los sitúan fuera del alcance de la inmensa mayoría de las personas que los 
necesitan, especialmente en el mundo en desarrollo. Por lo tanto, el desarrollo de una 
vacuna eficaz frente al VIH/SIDA se ha convertido en uno de los mayores retos de este 
siglo para la comunidad científica mundial y una de las prioridades para la salud pública. 
En este sentido, la historia de las enfermedades infecciosas nos ha enseñado que sólo 
una vacuna preventiva segura y eficaz será capaz de romper el ciclo de nuevas 
infecciones, y en última instancia, hacer que revierta y acabe la pandemia. La viruela se 
declaró erradicada en 1980 gracias a una vacuna eficaz; la polio ya ha desaparecido del 
continente americano y se espera que esté completamente controlada hacia finales del 
2007; el sarampión y la fiebre amarilla se han controlado gracias a las vacunas. La 
vacuna contra el SIDA debe añadirse cuanto antes a esta lista (Alcami y cols., 2005; 
Hokey  y Weiner, 2006; Kegeles y cols., 2006; Letvin, 2006).  
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6.1 ¿Es posible el desarrollo de una vacuna efectiva frente al VIH/SIDA? 
Aunque el desafío es grande y son muchos los obstáculos a superar, los 
científicos piensan que sí es posible. Esta convicción se basa en las observaciones 
realizadas hasta ahora en este campo: 
1º.-  Existe un pequeño grupo de individuos que, a pesar de estar expuestos 
repetidamente al virus, no llegan a infectarse. Se están analizando las 
respuestas inmunológicas frente al VIH en estas personas conocidas como 
seronegativos expuestos (SNE), así como cualquier característica genética que 
tengan en común, para averiguar qué es lo que permite a sus sistemas 
inmunológicos rechazar la infección.  
2º.- En el curso de la infección natural por el VIH, la inmunidad celular generada 
durante la primoinfección suprime la carga viral por un tiempo considerable que a 
menudo llegan a ser años, incluso décadas. A este grupo de pacientes se les 
conoce como no progresores a largo plazo (NPLP) y son capaces de regular la 
replicación del virus retardando la progresión de la enfermedad e inhibiendo la 
transmisión del VIH. Se ha demostrado que ciertos tipos de HLA como B57 y 
B27  están asociados con una progresión lenta hacia SIDA (Gao y cols., 2005; 
Goulder  y Watkins, 2004). 
3º.- Estudios realizados en primates no humanos demostraron que la inmunización 
con virus vivo atenuado proporciona una protección completa frente a una 
posterior infección con el virus de la inmunodeficiencia de simio (SIV), que causa 
SIDA en monos.  
4º.- La inmunización pasiva con anticuerpos ampliamente neutralizantes frente al VIH 
confiere una protección completa a los monos después de desafiarlos con una 
dosis letal del virus de la inmunodeficiencia del hibrido simio/humano 
(SHIV)(Mascola y cols., 2000). 
 
De este modo, basándonos en estas observaciones, una vacuna eficaz sería 
aquella capaz de generar anticuerpos neutralizantes frente a un amplio espectro de los 
subtipos de VIH circulantes, capaz de inducir una potente respuesta inmune celular que 
lograse disminuir la carga viral hasta niveles indetectables y que fuese efectiva en la 
prevención de la infección.  
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6.2 ¿Por qué es tan difícil desarrollar una vacuna frente al VIH/SIDA? 
Aunque son muchos los candidatos estudiados, todavía estamos lejos de lograr 
una vacuna eficaz, ya que su desarrollo está dificultado por las características propias de 
replicación y transmisión del virus.  
Estas dificultades, que se resumen el la tabla III, deben tenerse en cuenta a la 
hora de desarrollar las estrategias de vacunación para prevenir la infección.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  Tabla III: Dificultades en el desarrollo de una vacuna frente al VIH/SIDA. 
 
 6.3 Diseño de Vacunas frente al VIH/SIDA 
En la actualidad, el diseño de vacunas frente al VIH/SIDA puede dividirse en dos 
grandes grupos: vacunas dirigidas hacia la producción de anticuerpos neutralizantes y 
vacunas encargadas de generar una potente respuesta inmune celular frente a los 
distintos antígenos. 
 
A) Vacunas que generan anticuerpos neutralizantes 
La producción de anticuerpos neutralizantes ampliamente específicos frente a 
todas las variantes del VIH sería, sin lugar a dudas, la respuesta más eficaz para 
prevenir la infección. Existen evidencias claras en el modelo de macaco de que la 
presencia de anticuerpos neutralizantes antes de la infección protege (Gauduin y cols., 
1997; Mascola y cols., 2000); Sin embargo, la producción de anticuerpos neutralizantes 
a través de la vacunación es muy difícil de lograr. 
• El VIH se transmite como partícula libre o asociado a las células   
• El VIH se transmite por contacto sexual o por ruta intravenosa  
• El ciclo de replicación del VIH incluye su integración en el genoma del huésped  
• Puede permanecen durante largos periodos de tiempo en estado de latencia 
• Preparación, producción y escalado a fase clínica de los candidatos vacunales  
• Hipervariabilidad del VIH  
• Los antígenos requeridos para conferir protección aún no se han definido  
• El VIH infecta, suprime y destruye las células clave del sistema inmune  
• Existen limitaciones en los modelos animales para estudiar el VIH/SIDA  
 
 
 
 
Virus  
Dificultades en el desarrollo de una vacuna frente al VIH/SIDA
• La inmunidad natural no erradica al virus  
• Los determinantes inmunológicos de protección aún no se han identificado  
• El papel de la inmunidad innata está poco estudiado  
• Es posible la re-infección por un segundo aislado del VIH  
 
 
Respuesta  
Inmune 
 
 
Transmisión  
y 
Patogénesis 
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Las primeras vacunas frente al VIH se basaron en el modelo de inmunización 
frente a Hepatitis B que consiste en la inmunización con una proteína recombinante. Las 
vacunas iniciales frente al VIH estaban compuestas por las proteínas de la envuelta 
gp120 y gp160 recombinantes producidas por ingeniería genética o utilizando vectores 
como el virus vaccinia (Mascola y cols., 1996). A pesar de que hasta el momento este 
tipo de vacunas han fallado a la hora de generar anticuerpos neutralizantes, la gp120 se 
sigue utilizando en combinación con virus recombinantes o ADN desnudo en vacunas 
que estimulan la respuesta inmune celular. Al mismo tiempo, se están haciendo grandes 
esfuerzos en el diseño de nuevas preparaciones e inmunógenos que representen 
distintas variantes conformacionales de la proteína gp120 y gp140 (derivada de la gp160 
sin el dominio de anclaje), ya que la producción de anticuerpos ampliamente 
neutralizantes sigue siendo una asignatura pendiente en el desarrollo de vacunas frente 
al VIH. 
 
B) Vacunas que estimulan la respuesta inmune celular 
Las dificultades encontradas a la hora de generar una respuesta humoral eficaz 
durante la infección por VIH, han dirigido el diseño de vacunas hacia la búsqueda de 
nuevas estrategias e inmunógenos que estimulen una potente respuesta inmune celular, 
capaz de controlar la infección temprana por VIH y prevenir la progresión de la 
enfermedad.  
Los datos experimentales apoyan a que es la respuesta celular la que controla la 
infección viral, tanto durante la infección primaria como en la cronicidad de la infección. 
Así pues, durante la fase aguda de la infección, se genera una vigorosa actividad celular 
virus-específica mediada por linfocitos T citotóxicos (CTLs). El pico máximo de esta 
respuesta coincide con el comienzo de la disminución de la carga viral (Borrow y cols., 
1995; Gallimore y cols., 1995; Schmitz y cols., 1999). Esta afirmación surgió inicialmente 
de trabajos realizados in vitro donde se demostró que los linfocitos T CD8+ específicos 
anti-VIH producen factores solubles que inhiben la replicación viral (MIP-1 β, MIP-1 α y 
RANTES) y lisan (granzimas y perforinas) las células infectadas (Eccleston, 1997). De 
forma similar, estudios llevados a cabo en monos reshus infectados con el virus de la 
inmunodeficiencia de simio (SIV), han demostrado que la depleción de los linfocitos T 
CD8+ impide a los animales controlar la viremia, acelerando su progresión a SIDA 
(Amara y cols., 2002; Barouch y cols., 2003; Schmitz y cols., 1999) y que la estimulación 
de esta respuesta mediante vacunas logra disminuir la carga viral y retardar la 
enfermedad (Barouch y cols., 2000).  
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La respuesta celular también está implicada en el control de la infección en 
enfermos crónicos infectados por VIH. De esta manera, en los pacientes no progresores 
a largo plazo (NPLP) se ha observado una respuesta de CTLs potente y sostenida (Cao 
y cols., 1995). En estos individuos, existe una correlación inversa entre los niveles de 
ARN viral en sangre y la frecuencia de CTLs específicos. Estudios recientes realizados 
en monos demuestran que existe una correlación entre la preservación de la población 
de linfocitos T CD4+ memoria y la progresión a SIDA.  
Sin embargo, a pesar de la amplia expansión de la población de células T CD8+ 
virus-específicas que ocurre durante la primoinfección, hasta la fecha no se ha 
documentado que dicha respuesta logre erradicar al virus, lo que demuestra que el VIH 
es capaz de evadirla. Se han propuesto varios mecanismos de escape (tabla III). Como 
se mencionó anteriormente, uno de los grandes problemas en el desarrollo de una 
vacuna frente al VIH es la diversidad genética de las poblaciones virales que se 
producen durante la infección. Las mutaciones virales se acumulan rápidamente 
mientras el VIH replica de tal forma que pueden variar entre si. Esta diversidad 
antigénica también puede afectar a la especificidad de la respuesta celular CD8+, por lo 
que es importante utilizar como inmunógeno varios antígenos virales, pues una mutación 
puntual puede eliminar un epítopo inmunodominante.  
De los datos obtenidos hasta el momento podemos concluir que una vacuna 
eficaz necesitaría inducir cifras elevadas de células T CD8+ de memoria, capaces de 
secretar rápidamente citoquinas y quimioquinas al entrar en contacto con el antígeno. La 
respuesta también debería ser altamente reactiva frente a las diferentes cepas del VIH y 
ser genética y cualitativamente mejor que la respuesta que se produce durante la 
infección natural (Garber  y Feinberg, 2003). Además, debería ser capaz de estimular 
una potente respuesta especifica de células T CD8+ y CD4+, ya que la ausencia de 
células T CD4+ ayudadoras constituiría un deterioro funcional de los CTLs y 
consecuentemente un fracaso del control inmune de la viremia.  
 
6.4 Candidatos vacunales 
La investigación en vacunas frente a VIH ha llevado a explorar diferentes tipos de 
conceptos vacunales: vectores vivos recombinantes; moléculas de ADN desnudo; 
proteínas recombinantes o péptidos sintéticos entre otros (figura 8). 
De todos ellos, los adenovirus y poxvirus recombinantes son probablemente los 
sistemas más utilizados y hasta el momento la combinación de ambos o junto con ADN 
son los únicos candidatos que han dado resultados positivos en fase clínica con 
inducción de respuesta inmune celular. 
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El primer ensayo en fase I de una vacuna frente al VIH se realizó en Estados 
Unidos en 1987. Desde entonces, más de 30 candidatos vacunales han sido testados en 
unos 65 ensayos clínicos en fase I/II, interviniendo más de 10000 voluntarios sanos en 
más de 10 países (Girard y cols., 2006; Hanke y cols., 1999; Sauter y cols., 2005). Hasta 
la fecha se han completado dos ensayos en Fase III (Kegeles y cols., 2006) y un tercero 
está en proceso (Letvin, 2006). 
En la tabla IV se muestran los candidatos vacunales que en la actualidad se 
encuentran en fase clínica de investigación. Estas pruebas han demostrado: 1) la 
factibilidad de realizar los ensayos clínicos, incluso en países en desarrollo; 2) que los 
candidatos vacunales son seguros y no producen efectos secundarios importantes; y 3) 
que al menos algunas de las vacunas experimentales inducen respuestas inmunológicas 
específicas frente al VIH.  
Aunque los resultados de los primeros ensayos clínicos no han sido muy 
prometedores, induciendo respuestas inmunológicas muy variables e inferiores respecto 
a las obtenidas en el modelo de macacos (menos del 60%, en el mejor de los casos), en 
los últimos años un número prometedor de nuevos antígenos ha mostrado buenos 
resultados en los estudios de fase I. En este sentido, los datos de estudios recientes en 
fase clínica, aun sin publicar presentados en el últimos congresos internacionales de 
vacunas frente a VIH celebrados en Ámsterdam y Seattle en 2006 y 2007, muestran que 
los protocolos de inmunización en humanos donde se combina ADN/pox ó ADN/adeno 
expresando distintos antígenos de VIH (Env, Gag, Pol y Nef) son capaces de inducir la 
activación de linfocitos T CD4+ y CD8+ específicos en la mayoría de los voluntarios 
inmunizados, aunque mayoritariamente frente a la proteína Env. Estos resultados junto 
con los que se produzcan en los ensayos en fase II utilizando estas vacunas, alimentan 
Figura 8: Conceptos vacunales 
aplicados al desarrollo de una 
vacuna frente al VIH/SIDA 
Caracterización MVA y NYVAC 
 28
el optimismo actual para obtener una vacuna contra el VIH en los próximos años que sea 
segura y parcialmente eficaz.   
Tabla IV: Ensayos clínicos frente a VIH/SIDA actualmente en curso. 
Nombre Fecha de inicio Organizador Paises Tipo de la vacuna Antígeno (subtipo) 
    FASE III Ensayos grandes con poblaciones de alto riesgo para probar la eficacia de la vacuna 
RV 144 Oct-03 
USMHRP, MoPH 
Thailand, Aventis, 
Vaxgen 
Tailandia 
Prime: ALVAC        
Boost: gp120 
Env (B/E);gag/pol        
Env (B/E) 
    TEST-OF-CONCEPT 
HVTN 503 Feb-07 SAAVI, HVTN Suráfrica Adenovirus gag/pol/nef (B) 
HVTN 502 Dic-04 
DAIDS, HVTN, 
Merk 
USA,Canada,Peru, 
R. Dominicana, 
Haiti, Puerto Rico, 
Australia, Brasil 
Adenovirus gag/pol/nef (B) 
FASE II Ensayos de tamaño medio para probar seguridad y capacidad inmunogénica de la vacuna 
IAVI 002 Nov-05 
IAVI, Targered 
Genetics 
Suráfrica, Uganda, 
Zambia 
Adenoasociados tipo2 gag/pol/∆RT (C) 
HVTN 204 Sep-05 
DAIDS, HVTN, 
VRC, Vical, 
GenVec 
USA, Brasil, 
Suráfrica, Haiti, 
Jamaica 
Prime:ADN 
Boost:Adeno 
gag/pol(B) Nef/Env (A) 
gag/pol/Env(B,C) 
ANRS VAC 
18 
Sep-04 ANRS, Aventis Francia 5 lipopeptidos de CTLs gag/pol/nef (B) 
FASE I/II Ensayos de tamaño pequeño para probar seguridad y capacidad inmunogénica de la vacuna 
EV 03 Jun-07 Eurovac, ANRS 
Inglaterra, 
Alemania, Suiza, 
Francia 
Prime: ADN-C        
Boost: NYVAC-C 
Env + gag-pol-nef (C)     
Env, gag-pol-nef ( C) 
HIVIS 03 Dic-06 
MUCHS, instituto 
Karolisnka, SMI, 
Vecura, USMHRP 
Tanzania 
Prime: ADN            
Boost: MVA-CMDR 
Env,gag,rev, RT (A,B)   
env,gag,pol (A,C,E) 
RV 172 May-06 
NIH, USMHRP, 
VCR 
Kenia, Uganda, 
Tanzania 
Prime: ADN           
Boost: Adenovirus 
gag-pol-nef + Env (B)     
gag-pol + Env (A,B,C) 
FASE I Ensayos de tamaño pequeño para probar seguridad y capacidad inmunogénica de la vacuna 
DVP-1 May-07 
St. Jude´s 
Children´s 
Research Hospital 
USA 
Prime-Boost: polyEnv, 
EnvPro, EnvDNA 
Env (A,B,C,D,E) 
VCR 012 May-07 NIAID, VCR USA Adenovirus C 
DHO-0586 Oct-06 ADARC, IAVI USA ADMVA env, gag-pol, nef-tat (C)   
HPTN 027 Oct-06 
Makerere 
University, Johns 
Hopkins 
University 
Uganda ALVAC   Env, gag-pol ( B) 
C86P1 Sep-06 
SGUL, Richmond 
Pharmacology, 
Novartis 
Inglaterra 
Prime: gp140+LTK63    
Boost: gp140+MF59 
Env (B) 
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Nombre Fecha de inicio Organizador Paises Tipo de la vacuna Antígeno (subtipo) 
FASE I Ensayos de tamaño pequeño para probar seguridad y capacidad inmunogénica de la vacuna 
VCR 011 Abr-06 NIAID, VCR USA 
Prime: ADN           
Boost: Adenovirus 
gag-pol-nef + Env (A,B,C)  
gag-pol + Env (A,B,C) 
HVTN 065 Abr-06 
DAIDS, HVTN, 
VRC, GeoVax 
USA 
Prime: ADN           
Boost: MVA 
Env,gag,pro,RT,tat,Rev,vpu 
Env, gag,pol ( B) 
HVRF-380 Mar-06 
Moscow Institute 
of immunology 
Rusia 
VICHREPOL + 
polyoxidonium 
(B) 
IAVI D001 Feb-06 IAVI, Therion India MVA 
Env, gag, Tat-rev, nef-RT   
( C) 
HVTN 064 Ene-06 
DAIDS, HVTN, 
Pharmexa-
Epimmune 
USA, Peru EP-1043 (prot) + ADN 
gag, pol, vpr, nef, env, vpu 
(B) 
HVTN 068 Feb-06 
DAIDS, HVTN, 
VRC 
USA 
Prime: ADN           
Boost: Adenovirus 
gag-pol-nef + Env (A,B,C)  
gag-pol + Env (A,B,C) 
HIVIS 02 Ene-06 
Instituti 
Karolinska, 
USMHRP 
Suecia MVA  Env, gag, pol (A,E) 
RV 158 Nov-05 USMHRP, NIH USA, Tailandia MVA  Env-gp160, gag, pol (A,E) 
HVTN 063 Sep-05 
DAIDS, HVTN, 
Wyeth 
USA, Brasil 
P: Genevax +/- IL12    
B: ADN GM-SCF 
Gag (B)               
Env, gag, nef (B) 
HVTN 060 Ago-05 
DAIDS, HVTN, 
Wyeth 
USA, Tailandia 
P: Genevax +/- IL15    
B: Genevax +/- IL12 
Gag (B) 
EnvDNA May-05 
St. Jude´s 
Children´s Hosp 
USA ADN multi-env Env (A,B,C,D,E) 
VCR 008 Abr-05 NIAID, VCR USA 
Prime: ADN           
Boost: Adenovirus 
gag-pol-nef + Env (B)     
gag-pol + Env (A,B,C) 
N/A Mar-05 Changchun BCHT China 
Prime: ADN           
Boost: Adenovirus 
C 
HIVIS 01 Feb-05 
I. Karolinska, 
USMHRP 
USA ADMVA env, gag-pol, nef-tat (C)   
EuroVacc02 Feb-05 EuroVacc Inglaterra, Suiza NYVAC-C  Env, gag-pol-nef ( C) 
IAVI C002 Ene-05 IAVI, ADARC USA MVA Env, gag/pol, nef-tat ( C) 
RV 156A Nov-04 
NIAID, HVTN, 
VCR 
Uganda Adenovirus A, B, C 
HVTN 055 Sep-04 
DAIDS, HVTN, 
Theiron 
USA, Brasil 
Prime: MVA           
Boost: FPV 
Env, gag, tat, nef rev, pol 
(B) 
HVTN 050 Ene-04 
DAIDS, HVTN, 
Merk 
USA, Surafrica, 
Tailandia 
Adenovirus gag (B) 
HVTN 049 Dic-03 
DAIDS, HVTN, 
Chiron 
USA 
Prime: ADN            
Boost: gp140+MF5 
gag, Env (B)            
Env (B) 
PolyEnv1 Oct-97 
St. Jude´s 
Children´s Hosp 
USA Proteína Env Env (B, D) 
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La búsqueda de una vacuna segura y eficaz frente al VIH/SIDA ha impulsado el 
desarrollo de nuevos vectores virales recombinantes capaces de inducir respuestas 
inmunes celulares específicas frente al patógeno externo. En este sentido, los vectores 
atenuados de poxvirus como MVA y NYVAC, poseen una serie de características, entre 
las que se incluyen su excelente perfil de seguridad así como la capacidad de incorporar 
grandes cantidades de ADN exógeno, que los convierten en excelentes candidatos 
vacunales frente al VIH/SIDA y otras enfermedades. En la actualidad, existen varios 
ensayos clínicos utilizando recombinantes de MVA y NYVAC frente a enfermedades 
infecciosas como SIDA o malaria y ciertos tipos de cáncer.  
A pesar de que  la seguridad y e inmunogenicidad de ambos vectores han sido 
ampliamente demostradas, hasta la fecha no existen estudios “in vitro” e “in vivo” donde 
se comparen directamente estos dos candidatos vacunales. La comparación de los 
niveles de expresión del antígeno ejercidos por los vectores así como los efectos 
generados sobre la célula huésped tras la infección con MVA y NYVAC ayudaría a 
mejorar el diseño de próximas generaciones de vacunas y a la elección de uno u otro 
vector como candidato vacunal ya que las diferencias que se observen podrían afectar a 
la generación de la respuesta inmunológica deseada. 
Ante la relevancia que están adquiriendo estos dos vectores en este trabajo  nos 
propusimos los siguientes objetivos: 
 
1. Realizar un estudio morfológico, bioquímico y genético del comportamiento 
de las cepas atenuadas MVA y NYVAC en células en cultivo  
 
2. Definir y comparar la distribución viral y los niveles de expresión del 
antígeno heterólogo en ratones BALB/c inmunizados con recombinantes 
basados en las cepas MVA y NYVAC por rutas sistémicas y de mucosas. 
 
3. Caracterizar la respuesta inmune celular y humoral inducida por 
recombinantes basados en MVA y NYVAC que expresan diferentes 
antígenos de VIH-1 (Env, Gag, Pol y Nef) empleando distintos protocolos de 
inmunización. 
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3.1. MATERIALES BIOLÓGICOS 
 
3.1.1 Líneas celulares y medios de cultivo 
3.1.1.1 Líneas celulares 
Las líneas celulares utilizadas en este estudio fueron las siguientes:  
BSC40: Células epiteliales de riñón de mono verde africano (Cercopithecus 
aethiops).  
 BHK-21: Línea fibroblastoide de riñón de hámster dorado (Mesocricetus auratus).  
 CEF (Chicken embryo fibroblasts): cultivos primarios de fibroblastos 
embrionarios de pollo (Gallus gallus). Su obtención se describe más adelante. 
HeLa: Línea celular procedente de un carcinoma epitelial humano de cuello 
uterino.  
NIH-3T3: Células embrionarias murinas estables mediante el protocolo 3T3. 
TK-143: Línea celular derivada de un ostesarcoma humano. 
 
En la tabla V se muestran las líneas celulares utilizadas en este estudio 
clasificadas según su susceptibilidad a la infección por las distintas cepas y 
recombinantes virales. En el trabajo las células, BHK-21 y HeLa, han sido elegidas para 
representar respectivamente a una línea celular susceptible y no susceptible a la 
infección tanto para la cepa MVA como para NYVAC.  
 
CEF
BHK-21
BSC-40
NIH-3T3
HeLa
TK -143
WR
+
MVA NYVAC NY-C7L
+
+ +/-
+ -
+ -
+ -
-
-
-
+
+
+
+
+
+
+
+
+
+
+
 
 
Tabla V: Líneas celulares susceptibles (+) o no susceptibles (-) a la infección por las 
estirpes virales derivadas del virus vaccinia (VACV): Western Reserve (WR), Modified Virus 
Ankara (MVA) y NYVAC o el recombinante NYVAC-C7L. 
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3.1.1.2  Medios de cultivo 
 Las líneas celulares BHK21, TK-143, NIH-3T3 y CEF se cultivaron en medio 
esencial mínimo de Eagle modificado por Dulbecco (DMEM) (Dulbecco y Freeman, 1959; 
Gibco BRL), suplementado con 10% (v/v) de suero fetal de ternera (FCS; Sigma), 
penicilina (100 U/ml; Sigma), estreptomicina (100 µg/ml; Sigma), fungizona (0,5 U/ml; 
Gibco), glutamina (2 mM; Merck) y aminoácidos no esenciales (Sigma) (DMEM 
completo). Las líneas celulares BSC40 y HeLa se cultivaron en el mismo medio pero 
suplementado con 10% de suero de ternera recién nacida (NCS; Sigma).  
 Para los cultivos primarios de células del peritoneo o del bazo de ratón se empleó 
el medio RPMI-1640 (Gibco BRL), suplementado con 10% de FCS, penicilina, 
estreptomicina, β-mercaptoetanol (10 µM; Sigma), HEPES pH 7,4 (10 mM) y L-glutamina 
(2 mM).  
 Para la transfección transitoria de cultivos celulares se utilizó OPTIMEM I (Gibco). 
 Para las infecciones, se empleó DMEM completo para la hora de adsorción, tras 
la cual se retiró el inóculo y se adicionó DMEM completo suplementado con 2% de 
suero. 
 Todas las líneas celulares se mantuvieron en un incubador a una temperatura de 
37ºC y un porcentaje de CO2 del 5%. 
 
3.1.1.3 Obtención de fibroblastos embrionarios de pollo (CEF) 
Los cultivos primarios de fibroblastos embrionarios de pollo se obtuvieron a partir 
de embriones de 9 a 10 días de incubación, cedidos por Intervet (Salamanca). La 
cáscara se lavó con etanol y se colocó sobre un soporte con el polo más ancho hacia 
arriba. Con pinzas estériles se abrió el cascarón y se rompió la membrana 
corioalantoidea para penetrar en la cavidad amniótica. El embrión extraído del huevo se 
decapitó y evisceró. El tejido resultante se lavó tres veces con tampón fosfato salino 
(PBS) precalentado a 37 ºC y se troceó mecánicamente con ayuda de unas tijeras. La 
papilla resultante se digirió con tripsina (10 ml de tripsina al 0,25% en PBS/embrión; 
Sigma) a 37 ºC durante 1 h, tras lo cual se filtró a través de una rejilla metálica, se le 
añadió un volumen igual de medio DMEM completo y se centrifugó a 1500 rpm durante 
25 min. El precipitado de células resultante se resuspendió en un volumen adecuado de 
medio DMEM suplementado con 5% FCS, penicilina, estreptomicina y fungizona.  
 
3.1.2  Bacterias 
La cepa de Escherichia coli utilizada para las transformaciones y crecimiento de los 
plásmidos fue DH5α.  Las bacterias se cultivaron en medio LB (Luria-Bertani) (1% bacto-
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triptona, 1% NaCl, 0,5% extracto de levadura) (Sambrook y cols., 1989) suplementado 
con 100 µg/ml de ampicilina (Boehringer Mannhein). 
 
3.1.3  Virus 
Los virus recombinantes utilizados y los generados en este trabajo se basaron en 
la cepa salvaje VACV-WR (Western Reserve), en las cepas atenuadas del virus vaccinia 
(VACV), MVA (Modified Vaccinia Ankara) y NYVAC. La cepa VACV-WR fue 
proporcionada por el Dr. Rostom Bablanian de la Universidad Estatal de Nueva York, la 
cepa MVA fue cedida por el Dr. Gerd Sutter del Instituto de Virología Molecular de 
Munich (Alemania) y la cepa NYVAC fue facilitada por la empresa Sanofi-Pasteur 
(Francia). Los virus recombinantes empleados en este estudio se describen en la 
siguiente tabla VI. 
 
      Tabla VI: Virus recombinantes utilizados en este estudio. 
 
  
3.1.4  Plásmidos 
 Los plásmidos utilizados en este estudio se describen a continuación: 
 
pJR101: plásmido utilizado para la inserción de genes en el genoma de VACV 
mediante recombinación homóloga en el locus hemaglutinina (HA) de VACV. La 
expresión del gen exógeno está controlada por el promotor viral sintético temprano-tardío 
(pE/L). Como gen marcador para la selección de virus recombinantes contiene el gen de 
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la β-glucuronidasa bajo el control del promotor viral p7.5. Toda esta construcción está 
delimitada por las regiones flanqueantes del gen viral de la hemaglutinina (HA) (Gherardi 
y cols., 1999). Como marcador para la clonación en bacterias contiene el gen de 
resistencia a ampicilina. 
pJR101-C7L: plásmido de inserción en el locus HA de NYVAC derivado del 
pJR101 (Vazquez y cols., 1998). Este plásmido fue generado para este estudio. 
Contiene el gen C7L bajo el promotor sintético viral temprano/tardío. Como gen 
marcador para la selección de virus recombinantes contiene el gen de la β-glucuronidasa 
bajo el control del promotor viral p7.5. Para su generación se siguió la estrategia 
esquematizada en la siguiente figura 9.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figura 9: Generación del vector de inserción pJR101-C7L. La secuencia de ADN que codifica 
la proteína C7 se obtuvo a partir del producto de PCR que amplifica para dicho gen en el genoma 
de MVA, mediante digestión con el enzima EcoRI. El fragmento obtenido fue tratado con la 
polimerasa Klenow para eliminar los extremos protuberantes y clonado en el vector de inserción 
de vaccinia pJR-101 previamente digerido con SmaI y tratado con fosfatasa alcalina de gamba. El 
plásmido resultante, pJR-C7L, contiene el gen C7L bajo el control del promotor viral sintético 
temprano/tardío (pE/L) y el gen marcador LacZ bajo el control del promotor viral temprano/tardío 
p7.5 en la orientación opuesta. Ambos genes están flanqueados por las regiones HA del virus 
vaccinia.  
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pSC11-Luc: plásmido de inserción en el locus de la timidina quinasa (TK) del 
genoma de VACV derivado del pSC11. Contiene el gen codificante de la proteína de la 
luciferasa bajo el control del promotor viral p7.5 y el gen de la β-galactosidasa como 
marcador de selección de virus recombinantes. 
 
pCDNA3.1-φ: plásmido de expresión en eucariotas suministrado por Invitrogen. 
Como marcadores de selección contiene el gen de resistencia a ampicilina para la 
clonación en bacterias y el gen de resistencia a neomicina para la selección en células 
eucariotas. Se utilizó junto con el pCMV-φ como plásmido control en los experimentos de 
inmunización de animales.  
 
pCMV-φ: vector de expresión en células de mamífero. Como marcador de 
selección contiene el gen de resistencia a kanamicina para la clonación en bacterias. Se 
utilizó junto con el pCDNA3.1-φ como plásmido control en los experimentos de 
inmunización de animales.  
 
pcDNA3.1-GPN (B): vector de expresión en células de mamífero derivado del 
vector pcDNA3.1(-) (Invitrogen). Contiene el gen que codifica la poliproteína Gag-Pol-Nef  
del aislado IIIB del virus VIH-1 bajo el promotor de citomegalovirus (pCMV) y la región de 
poliadenilación de la hormona de crecimiento bovina (pA BGH) adyacente al gen 
exógeno. Como marcadores de selección contiene el gen de resistencia a kanamicina 
para la clonación en bacterias y el gen de resistencia a neomicina para la selección en 
células eucariotas. Este vector fue sintetizado y suministrado por la empresa GENEART 
(Alemania) como se ha descrito en trabajos anteriores (Didierlaurent y cols., 2004). 
 
pCMV-Bx08gp120: vector de expresión en células de mamífero derivado del 
vector pCMV. Contiene el gen que codifica la proteína gp120  del aislado primario Bx08 
del virus VIH-1 bajo el promotor de citomegalovirus (pCMV). Este vector fue 
proporcionado por la empresa Sanofi-Pasteur.  
 
3.2 REACTIVOS  
 
3.2.1 Anticuerpos   
 
Los anticuerpos utilizados en este estudio se resumen en la tabla VII.  
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Tabla VII: Anticuerpos utilizados en este trabajo 
ANTICUERPO CARACTERISTICAS PROCEDENCIA 
Anticuerpos Primarios frente a proteínas del virus vaccinia 
Conejo α WR 
Anticuerpo policlonal generado en conejo 
contra las proteínas de la cepa WR del virus 
vaccinia 
Demkowicz y cols., 1992 
Ratón α A27 de 
vaccinia (C3) 
Anticuerpo monoclonal generado en ratón 
contra la proteína de 14 KDa del virus 
vaccinia A27 
Centro Nacional de 
Biotenología,-CSIC, Madrid
Conejo α A27 de 
vaccinia (A27L) 
Anticuerpo policlonal generado en conejo 
contra la proteína de 14 KDa del virus 
vaccinia A27 
Dallo y Esteban, 1987 
Conejo α p16 de 
vaccinia (A14L) 
Anticuerpo policlonal generado en conejo 
contra la proteína de 16 KDa del virus 
vaccinia A14  
Rodríguez y cols., 1998 
Conejo α A4 de 
vaccinia (A4L) 
Anticuerpo policlonal generado en conejo 
contra la proteína de 39 KDa del virus 
vaccinia A4 
Centro Nacional de 
Biotecnología-CSIC, 
Madrid 
Conejo αE3 de 
vaccinia (E3L) 
Anticuerpo policlonal generado en conejo 
contra la proteína de 28 KDa del virus 
vaccinia E3 
Cedido por el Dr. B. Jacobs 
y el Dr. B. Moss 
Conejo αL1 de 
vaccinia (L1R) 
Anticuerpo policlonal generado en conejo 
contra la proteína de 27,5 KDa del virus 
vaccinia L1 
Cedido por el Dr. Y. 
Ichihashi 
Conejo αA17 de 
vaccinia (A17L) 
Anticuerpo policlonal generado en conejo 
contra la proteína de 21 KDa del virus 
vaccinia A17 
Rodríguez y cols., 1995 
Anticuerpos primarios frente a proteínas celulares 
Conejo α eIF-2 α 
 
Anticuerpo policlonal generado en conejo que 
reconoce el factor eIF-2 α 
 
Santa Cruz, CA 
Conejo α fosfo-
eIF-2 α 
Anticuerpo policlonal generado en conejo que 
reconoce la forma fosforilada del factor  
eIF-2 α 
 
BIOSOURCE 
Ratón α βactina Anticuerpo monoclonal generado en ratón que reconoce la proteína actina 
 
SIGMA 
 
 
Conejo α PARP 
Humano 
Anticuerpo policlonal generado en conejo que 
reconoce la forma nativa y procesada de la 
proteína PARP  
Cell signaling 
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ANTICUERPO CARACTERISTICAS PROCEDENCIA 
Anticuerpos primarios frente a proteínas de VIH 
 
Conejo α gp120 
Anticuerpo policlonal generado en conejo que 
reconoce la proteína gp-120 del aislado IIIB 
clade B 
Centro Nacional de 
Biotecnología-CSIC, 
Madrid 
Ratón α p24 Gag 
ARP 432 
Anticuerpo monoclonal generado en ratón que 
reconoce la proteína de 24 KDa de Gag del 
subtipo B del VIH 
Programa EVA 
Anticuerpos conjugados (Western-blot) 
Cabra α IgG de 
conejo-HRP 
Anticuerpo policlonal generado en cabra 
conjugado con peroxidasa SIGMA 
Conejo α IgG de 
ratón-HRP 
Anticuerpo policlonal generado en conejo 
conjugado con peroxidasa SIGMA 
Anticuerpos  conjugados (inmunofluorescencia) 
Cabra αIgG de 
conejo-alexa 488 
Anticuerpo policlonal generado en cabra 
frente a IgG de conejo conjugado 
 con alexa 488 
 
Invitrogen 
Cabra αIgG de 
ratón-alexa 594 
Anticuerpo policlonal generado en cabra 
frente a IgG de ratón conjugado con alexa 594
 
Invitrogen 
Anticuerpos (ELISPOT) 
Rata α IFN-γ de 
ratón 
 
Anticuerpo monoclonal de isotipo IgG1 que 
reconoce el IFN-γ murino;  
clon R4-6 A2  
 
BD Pharmingen,  
San Diego, CA 
Rata α IFN- γ de 
ratón-biotina 
 
Anticuerpo monoclonal de isotipo IgG1 que 
reconoce el IFN-γ murino conjugado con 
biotina; clon XMG1.2 
  
BD Pharmingen,  
San Diego, CA 
 
3.2.2 Oligonucleótidos 
 
 Los oligonucleótidos utilizados para el análisis por PCR aparecen detallados en la 
siguiente tabla VIII.  
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Tabla VIII: Oligonucleótidos utilizados en este trabajo 
OLIGONUCLEÓTIDO SECUENCIA (5’ → 3’) MOLDE 
PRODUCTO 
AMPLIFICADO 
HA1 GTCACGTGTTACCACGCA WR  MVA NYVAC A56R  
HA2 GATCCGCATCATCGGTGG WR  A56R  
HAMVA TGACACGATTACCAATAC MVA NYVAC A56R  
TK1 AACGGCGGACATATTCAG WR MVA NYVAC J2R  
TK2 ATGAGTCGATGTAACACT WR MVA NYVAC J2R 
E3L forward* GAGATTGTGTGTGAGGCT WR MVA NYVAC E3L 
E3L reverse* AAAAGACCAATCTCTTCT WR MVA NYVAC E3L 
A27L forward* 
GCGCTCGAGGATGCATCATC
ATCATCACATGACGGAACTC
TTTTCCCC 
WR MVA NYVAC A27L 
A27L reverse* 
CGCGGTACCTTACTCATATG
GGCGCCGTCCAGTC 
WR MVA NYVAC A27L 
C7L upper 
CGGGATCCCATGGGTATACA
GCACGAATTCG 
WR MVA C7L 
C7L lower 
TCCCCCGGGTAATCCATGGA
CTCATAATCTCTATACG 
WR MVA C7L 
A27L-VIC** 
❖CCTCATTGTCGTCTTCATC
GGC 
WR MVA NYVAC A27L 
 
*   oligonucleótidos usados para RT-PCR 
** oligonucleótido utilizado para el ensayo de extensión del cebador 
 
3.2.3 Enzimas de manipulación del ADN 
Las enzimas de restricción empleadas en la construcción de los diferentes 
plásmidos fueron suministradas por Roche.  
 Como enzimas modificadoras del ADN se utilizaron: ADN polimerasa I (fragmento 
klenow, Roche), T4 ADN ligasa (Roche) y fosfatasa alcalina de gamba (SAP; USB). En 
las reacciones de PCR se utilizó la enzima Platinum Taq ADN polimerasa (Invitrogen).  
 Todas las enzimas se utilizaron según las indicaciones del fabricante. 
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3.2.4 Péptidos 
Las mezclas de péptidos (“pooles”) de VIH-1 específicos usados en este estudio 
fueron suministrados por la Fundación Eurovacc. Dentro de cada “pool”, los péptidos se 
encuentran a una concentración de 25 µg por vial como secuencias de 15 mers que 
solapan en 11 aminoácidos (aa) y que cubren todas la regiones antigénicas 
correspondientes a las proteínas Env, Gag, Pol y Nef del subtipo B incluidas en los 
vectores usados en este estudio como candidatos vacunales. La proteína gp120Bx08 de 
494 aa está representada por los “pooles” Env-1 (aa:1-252; 60 péptidos) y Env-2 
(aa:241-494; 61 péptidos). La poliproteína de fusión Gag-Pol-Nef de 1326 animoácidos 
está representada por los “pooles”: Gag-1 (aa: 1-231; 55 péptidos), Gag-2 (aa: 221-431; 
50 péptidos), GPN-1 (aa: 421-655; 56 péptidos), GPN-2 (aa: 645-879; 56 péptidos), 
GPN-3 (aa: 869-1103; 56 pétidos) y GPN-4 (aa.1093-1326; 56 péptidos). Como control 
(CTRL) se utilizó una mezcla de epítopos no relacionados que contiene 23 péptidos de 
proteínas de Citomegalovirus (CMV), virus de la gripe (Influenza) y del virus de Epstein-
Barr (EBV).  
  
3.2.5 Tampones 
 PBS: NaCl 137 mM, KCl 2,7 mM, Na2PO4 8 mM y KH2PO4 1,5 mM. 
 Tampón de carga (Laemmli): Tris-HCl 50 mM pH 6,8, SDS 2%, β-
mercaptoetanol 5%, glicerol 10% y azul de bromofenol 0,012%.  
 Tampón de electroforesis para SDS-PAGE (Tris-glicina SDS): Tris 25 mM, 
glicina 192 mM y SDS 0,1%. 
 Tampón de citoesqueleto, CB (Cytoskeletal Buffer): 10 mM MES, 150 mM 
NaCl, 5 mM EGTA, 5 mM glucosa, pH: 6,1. 
Tampón citrato-fosfato: Na2HPO4 0,2 M y citrato sódico 0,1 M. 
 Tampón carbonato (0,1 M pH 9,6): Na2CO3 0,2 M y NaHCO3 0,2 M.   
Tampón  Proteinasa K: Tris-HCl 50 mM pH 8,0, EDTA 100 mM, NaCl 100 mM y 
SDS 1%. 
TBE: Tris-Borato pH 8,3 90 mM y EDTA 2 mM. 
Tampón de carga de ADN: xylen-cyanol 0,25%, glicerol 30% y azul de 
bromofenol 0,25%. 
Tampón HEPES: 10 mM, pH: 7,5. 
  
 
 
Caracterización de MVA y NYVAC 
 42
3.3 METODOLOGÍA 
 
3.3.1 Manipulación del ADN 
 Para la preparación y transformación de células competentes, la purificación de 
plásmidos, el aislamiento de fragmentos de ADN y las clonaciones, se ha seguido la 
metodología descrita en el libro Molecular Cloning: a laboratory manual (Sambrook y 
cols., 1989). 
    
3.3.1.1 Transfección transitoria de cultivos celulares 
 Para la transfección transitoria de cultivos celulares se utilizó lipofectamina 
(Invitrogen) en monocapas subconfluentes (80%) de células. Tanto el ADN plasmídico 
como la lipofectamina se diluyeron en medio OPTIMEM (10 µg ADN / 8 × 106 células; 2 
µl lipofectamina/µg ADN). La solución de lipofectamina se mezcló con la solución que 
contiene el ADN, y se incubó durante 20 min. a temperatura ambiente, tras lo cual se 
añadió a las células. Tras 5-8 horas, las células se lavaron y se añadió medio DMEM 
suplementado con 2% de suero. Las células se recogieron en tampón de carga a 
distintos tiempos post-transfección según el experimento. 
 
3.3.1.2 Análisis por PCR (Reacción en cadena de la polimerasa) 
Las reacciones de PCR para el análisis de la pureza de los virus recombinantes 
se llevaron a cabo en un volumen final de 25 µl por reacción y contenían 10 ng de molde 
de ADN viral, 0,2 µM de cada oligonucleótido, 1,25 unidades de Platinum Taq ADN 
polimerasa y 0,2 mM de cada deoxinucleótido en el tampón suministrado por la casa 
comercial (Invitrogen), suplementado con 1,5 mM de MgCl2. Se empleó un termociclador 
PTC-100TM (MJ Research, Inc.). El programa de PCR utilizado para amplificar la región 
contenida entre las secuencias flanqueantes de la HA y de la TK fue el siguiente: un ciclo 
de 7 min. a 95 ºC; 35 ciclos de 1 min. a 95 ºC, 30 segundos a 50 ºC y 7 min. a   68 ºC; 
seguido de una extensión final de 7 min. a 68 ºC. El programa de PCR utilizado para 
amplificar la región contenida entre las secuencias flanqueantes del gen C7L fue el 
siguiente: un ciclo de 2 min. a 95 ºC; 35 ciclos de 1 min. a 95 ºC, 1 min. a 57 ºC y 1 min. 
A 72 ºC; seguido de una extensión final de 7 min. a 72 ºC.   
 
3.3.1.3 Purificación de ácidos nucléicos 
Purificación de fragmentos de ADN  
El aislamiento y purificación de fragmentos de ADN se realizó a partir de geles de 
agarosa utilizando el Kit de extracción de gel QIAquick (Qiagen). 
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Purificación de ADN plasmídico 
Para el análisis de transformantes se realizó la purificación de pequeñas 
cantidades de ADN de un cultivo de bacterias crecido en un volumen de 3 ml de LB 
suplementado con ampicilina o kanamicina, siguiendo el método de lisis alcalina descrito 
por Sambrook y cols. (1989). 
Para la producción de grandes cantidades de ADN de plásmidos se utilizaron las 
columnas QIAGEN-tip 500 (QIAGEN) siguiendo el protocolo suministrado por el 
fabricante. Estas preparaciones de plásmidos se emplearon para secuenciación y 
transfección de células de mamífero.  
Para la purificación del ADN destinado a las inmunizaciones de los animales se 
utilizaron columnas libres de pirógenos (JetStar, Genomed), diluyéndose el ADN en agua 
estéril igualmente libre de pirógenos.   
 
Purificación de ADN viral 
El ADN viral destinado al análisis por PCR de la pureza de los virus 
recombinantes se obtuvo a partir de monocapas de células infectadas. Cuando se 
observó efecto citopático, la monocapa se recogió y, tras dos lavados con PBS 
centrifugando a baja velocidad, el precipitado se conservó a -20 ºC hasta su utilización. 
Para la extracción del ADN, se resuspendieron las células en Tris-HCl 50 mM pH 8,0, y 
se añadió Proteinasa K (200 µg/ml, Roche) en su tampón correspondiente. Se incubó a 
55 ºC durante 1-2 horas, tras lo cual se añadió RNAsa (40 µg/ml, Roche) y se incubó a 
temperatura ambiente durante 30 min. Una vez finalizada la incubación, se añadió NaCl 
saturado y se mezcló cuidadosamente. A continuación se centrifugó a 13000 rpm 
durante 10 min. a temperatura ambiente. Se recogió el sobrenadante y se mezcló con 
isopropanol (proporción 1:0,7). La mezcla se centrifugó a 10000 rpm durante 10 min., el 
precipitado se lavó con etanol al 75% y de nuevo se centrifugó 10 min. Finalmente, el 
ADN precipitado se secó a temperatura ambiente y se resuspendió en 50 µl de agua 
estéril durante toda la noche a temperatura ambiente.  
 
3.3.2 Manipulación de ARN 
Para el aislamiento del ARN, se ha seguido la metodología descrita en el libro 
Molecular Cloning: a laboratory manual (Sambrook y cols., 1989). 
 
3.3.2.1 Purificación de ARN celular y viral 
El ARN total de células infectadas y sin infectar fue aislado utilizando el sistema 
de purificación Ultraspect-II-resin (Biotecx). Todo el protocolo se llevó a cabo en hielo y 
con material especialmente limpiado de posibles contaminaciones con RNasas. 
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Brevemente, las células se rasparon en el tampón de extracción de ARN que contiene 
fenol y sales de guanilato entre otros componentes. Se añadieron 0,5 volúmenes de 
cloroformo y se agitó con vortex enérgicamente para después incubarlo en hielo durante 
5 minutos. Se centrifugaron 15 minutos a 13 000 rpm y se recogió la fase acuosa que 
contiene los ácidos nucleicos. El ARN se precipitó con 0,2 volúmenes de 2-propanol en 
presencia de 0,02 volúmenes de la resina subministrada por el kit. Se centrifugó varias 
veces la mezcla de la resina con el ARN y se lavó con etanol 70 %, posteriormente se 
dejó secar 7 minutos y se eluyó en un volumen de agua-DEPC 2 veces el volumen de 
resina. Se mezcló el agua con la resina para centrifugar y fluir el ARN junto con el agua. 
El ARN purificado se desnaturalizó y analizó en geles desnaturalizantes de agarosa al 
1% previamente teñidos con bromuro de etidio. 
 
3.3.2.2 Limpieza del ARN de posibles restos contaminantes de ADN 
genómico 
Se utilizó la DNasa I del kit Turbo-DNA-free de Ambion. 1,5 mg de ARN total se 
digirieron con 2U enzima/reacción en el tampón de incubación suministrado y después 
de 1 hora a 37 ºC, se inactivó la endonucleasa con el tampón de inactivacion y se 
centrifugó dos veces a 10 000 rpm 1 minuto para evitar restos del tampón de 
inactivación. 
 
3.3.2.3 Reacción de la Transcriptasa reversa acoplada a la amplificación de 
cDNA mediante la Reacción en Cadena de la Polimerasa (RT-PCR) 
Para las reacciones de RT-PCR, el ARN total (1,5 µg) aislado de células HeLa sin 
infectar o infectadas con VACV-WR, MVA, NYVAC o NYVAC-C7L (5 UFP/célula, 24 hpi) 
fue tratado con DNasa I para reducir el ADN genómico contaminante hasta niveles 
indetectables por PCR (Ambion Turbo Kit) según lo descrito en los apartados anteriores. 
La retrotranscripción del ARN total a cDNA se llevó a cabo utilizando el enzima 
SuperScript II Reverse Transcriptase (Invitrogen) siguiendo las instrucciones descritas. 
Brevemente, 150 ng de ARN total se mezclaron con hexámeros random 2.5 mM durante 
10 minutos a temperatura ambiente en un volumen final de 8 ml. Posteriormente, se 
añadió al ARN con los hexámeros una mezcla que contenía: 0.5 mM de una mezcla de 
deoxinucleótidos (dATP, dGTP, dCTP, dTTP), 0.01 M de DTT, el tampón de reacción 1x 
(50mM Tris-HCl pH; 8.3, 75mM KCl, 3mM MgCl2) y agua tratada con (DEPC) hasta un 
volumen final de 12 ml. La mezcla se incubó 2 minutos a temperatura ambiente, se le 
añadió la enzima retrotranscriptasa (200 unidades/ reacción) y se llevó a cabo el 
siguiente programa de RT-PCR en el termociclador:1) 10 minutos a 25 ºC 2) 50 minutos 
a 42 ºC 3) 15 minutos 70 ºC 4) 4 ºC. Los oligonucleótidos específicos para los genes 
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virales E3L y A27L utilizados en este ensayo se describen en la tabla VIII. Los productos 
de amplificación se separaron según su tamaño y se analizaron tras someterlas a 
electroforesis en gel desnaturalizante de agarosa al 1% coloreado con bromuro de etidio 
sumergido en tampón TBE sometida a un campo eléctrico de 7 V/cm de gel.  
 
3.3.2.4 Ensayo de extensión de cebadores 
El ensayo de extensión del cebador se llevó a cabo de acuerdo con Lagrandeur y 
cols., 1994 y se utilizó como cebador un oligolucleótido marcado con VIC en su extremo 
5´ específico para el gen viral A27L cuya secuencia se encuentra a 263 pares de bases 
del sitio de iniciación de la traducción de dicho gen (Applied Biosystems). La mezcla de 
reacción con 2 µg de ARN total, contenía 2 pmol del oligonucleótido marcado, 0,5 mM  
de la mezcla de desoxirribonucleótidos trifosfato (dNTPs), 10 U/µl de la retrotranscriptasa 
SuperScript II RT (Invitrogen) y el tampón suministrado con el enzima a una 
concentración 1X (tampón RNX) en un volumen final de 50 µl. Las muestras se 
incubaron durante 5 minutos a 65 ºC para desnaturalizar el ARN y tras 5 minutos en 
hielo, la mezcla se mantuvo a 42 ºC durante otros 50 minutos para permitir el 
apareamiento del cebador con el ARN. Posteriormente, la reacción de extensión se llevo 
a cabo incubando las muestras durante 15 minutos a 70 ºC tras lo cual se mantuvieron 
en hielo hasta su precipitación. El ADN monocatenario marcado se precipitó incubándolo 
durante 30 minutos a 40 ºC y añadiendo 0,7 volúmenes de isopropanol, se lavó con 
etanol al 70% (v/v) y el pelet resultante se guardó a -20ºC hasta su análisis.  Cada 
muestra se disolvió en una solución que contenía 2,5 µl de formamida (Promega), 0,5 µl 
de un control interno estándar (GeneScan -500 ROX, Applied Biosystems) y 2 µl de 
tampón de carga (Applied Biosystems). El tamaño de los productos del ensayo se evaluó 
con el programa de análisis del GeneScan en su versión 3.7 (Applied Biosystems). 
 
3.3.3 Manipulación de E. coli 
Para la transformación del ADN se utilizó la técnica de transformación por choque 
térmico a 42 ºC durante 90 segundos (Inoue y cols., 1990), para lo cual las células 
fueron preparadas con cloruro cálcico (Sambrook y cols., 1989).  
 
3.3.4 Manipulación de proteínas 
 
3.3.4.1 Análisis de las proteínas en SDS-PAGE 
 Las muestras de proteínas fueron analizadas mediante electroforesis 
monodimensional en geles de poliacrilamida en presencia de SDS (SDS-PAGE 
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desnaturalizantes) según el protocolo de Sambrook y cols (1989). El porcentaje de 
acrilamida varió dependiendo del peso molecular de la proteína de interés.  
 
3.3.4.2 Transferencia de SDS-PAGE e inmunodetección en membrana 
(Western blot) 
Para la transferencia de geles SDS-PAGE a membranas de nitrocelulosa se 
empleó el sistema semi-seco (Gelman Sciences) siguiendo el protocolo descrito por 
Towbin (Towbin y cols., 1979). Se empleó un sistema discontinuo de tres soluciones 
tamponadas de transferencia: Tampón A (300 mM Tris y 20% metanol), Tampón B (25 
mM Tris y 20% metanol) y Tampón C (25 mM Tris, 40 mM ácido 6 ε-amino-n-hexanoico y 
20% metanol). El gel y la membrana de nitrocelulosa (Schleicher & Schuell) prehidratada 
en agua destilada, se colocaron entre papeles Whattman-3MM® empapados en estos 
tampones. La transferencia se efectuó a una intensidad de corriente constante de 200 
mM durante 45 min. Se verificó la transferencia mediante tinción reversible con el 
colorante rojo Ponceau (0,2% Ponceau en 3% TCA; Sigma). 
La membrana de nitrocelulosa se saturó con una solución de leche en polvo 
desnatada disuelta al 5% en PBS a temperatura ambiente con agitación suave durante 
20 min. La incubación con los anticuerpos se efectuó en esa misma solución de 
saturación. El anticuerpo primario se incubó a 4 ºC durante 16 horas, mientras que la 
incubación con el anticuerpo secundario se realizó durante 90 min. a temperatura 
ambiente. Los lavados intermedios se realizaron en PBS con agitación a temperatura 
ambiente durante 15 min.  
El revelado de las bandas de proteína reconocidas por los anticuerpos 
correspondientes se efectuó mediante el sistema luminol ECL® (Amersham) exponiendo 
una película autoradiográfica  X-OMAT (kodak).  
  
2.3.4.3 Marcaje metabólico de proteínas celulares y virales 
Para el seguimiento de la síntesis de novo de  proteínas virales y celulares se 
realizó el mismo protocolo que el descrito por Rodríguez y cols., 1993 empleando [35S] 
metionina-cisteína (Amersham). Monocapas de células HeLa y BHK-21 fueron infectadas 
a una multiplicidad de 5 UFP/célula con MVA y con NYVAC, a distintos tiempos 
postinfección  (4, 6 y 8 horas) las células se lavaron abundantemente y antes del 
marcaje se incubaron durante 30 minutos con DMEM deficiente en metionina y cisteína. 
Tras esta incubación se retiró el medio y se añadieron 50 µCi/ml de una mezcla de 
isótopos radiactivos (Promix) diluidos en DMEM deficiente en metionina y cisteína 
dejándose incubar durante otros 30 minutos. Tras lo cual se realizaron tres lavados con 
PBS y finalmente las células se resuspendieron en tampón de carga. El patrón de 
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síntesis de proteínas se analizó mediante electroforesis monodimensional en geles de 
poliacrilamida en presencia de SDS seguido de autorradiografía de cantidades 
equivalentes de proteínas de cada muestra. 
 
3.3.5 Manipulación de virus 
 
3.3.5.1 Generación de virus vaccinia recombinantes 
 Para la generación de los virus recombinantes se utilizó la metodología descrita 
en Current protocols in Molecular Biology (actualización de Earl y Moss, 1991). Para la 
construcción de recombinantes basados en la estirpe NYVAC se infectaron monocapas 
subconfluentes de células BSC40 a una multiplicidad de infección de 0,05 UFP/célula. 
Tras una hora de adsorción, se retiró el inóculo y se llevó a cabo la transfección del 
plásmido de inserción correspondiente en forma de complejos de ADN-liposomas 
formados durante 20 min. a temperatura ambiente con 10 µg de ADN y 20 µl de 
lipofectamina en medio OPTIMEM (Gibco). La mezcla se retiró 5-8 horas después de la 
transfección, añadiéndose medio DMEM completo suplementado con 2% NCS. 48 horas 
después de la infección-transfección se recogieron las células y se rompieron mediante 
tres ciclos de congelación/descongelación y sonicación. Con los extractos obtenidos se 
infectaron nuevamente monocapas de células BSC40 a diferentes diluciones y tras la 
adsorción se añadieron 4 ml de una mezcla 1:1 de agar (1,4%) y DMEM 2X, 
suplementado con 2% NCS. 72 horas después, o cuando las placas de lisis fueron 
visibles al microscopio, se añadió el sustrato correspondiente al gen de selección del 
plásmido de inserción (X-gal 0,03% o X-gluc 0,03%) en 1 ml de agar (1,4%) y DMEM 2X 
(1:1) (Carrolly Moss, 1995). Las placas de lisis que desarrollaron color azul 
correspondientes a los virus recombinantes fueron aisladas, y sirvieron como inóculo 
para infectar nuevos cultivos en monocapa de BSC40. El proceso de selección se repitió 
al menos cinco veces (plaqueos). Para confirmar la pureza de los virus recombinantes se 
llevó a cabo un análisis por PCR con oligonucleótidos de las regiones flanqueantes de 
los locus HA y TK.  
 En el caso de los recombinantes basados en la cepa atenuada MVA, la infección-
transfección y los posteriores plaqueos se realizaron en cultivos de células CEF, 
añadiéndose el sustrato 3 días después de las infecciones. El número de plaqueos 
necesarios para obtener un recombinante puro de MVA por PCR fue de seis a ocho.  
 
3.3.5.2 Purificación de virus 
La purificación de los virus se realizó por gradiente de sacarosa de acuerdo con 
el método descrito inicialmente por Joklik (Joklik, 1962) y modificado por Esteban 
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(Esteban, 1984). Células CEF fueron infectadas a una multiplicidad de infección de 0,01 
UFP/célula con los virus basados en las cepas NYVAC o MVA. Cuando el efecto 
citopático fue evidente en el 100% de la monocapa celular, se recogieron las células y se 
centrifugaron durante 15 min. a 2000 rpm, resuspendiéndose el precipitado en tampón 
Tris-HCl 10 mM pH 9,0. A continuación se realizaron dos ciclos de 
sonicación/centrifugación (dos pulsos de 10 segundos/1500 rpm durante 15 minutos). 
Los sobrenadantes recogidos en cada ciclo se centrifugaron (1 hora a 20000 rpm a 4 ºC, 
en rotor SW28, Beckman) sobre un colchón de sacarosa al 45% en Tris-HCl 10 mM pH 
9,0. El precipitado se recogió y se centrifugó de nuevo sobre otro colchón de sacarosa al 
45 % en las mismas condiciones. El precitado resultante se resuspendió en pequeños 
volúmenes de Tris-HCl 10mM pH 9,0. y se congelaron a -80 ºC hasta su utilización. Los 
virus purificados se titularon por inmunotinción en monocapas de células CEF. 
 
3.3.5.3 Titulación de los virus recombinantes 
Para la infección de los cultivos celulares y la titulación de virus se han empleado 
las técnicas habituales detalladas en el libro de protocolos Current protocols in molecular 
biology (Earl y Moss, 1991).  
Los virus recombinantes basados en la cepa VACV-WR fueron seleccionados y 
crecidos en células BSC40. Su titulación se realizó en la misma línea celular, bien en 
medio líquido o en medio sólido (agar 1,4%:DMEM 2X, 1:1). A los dos o tres días 
después de la infección (en el caso de utilizar medio líquido o medio sólido, 
respectivamente), se tiñeron las células con cristal violeta (0,5% en metanol al 20%), 
revelándose las placas de lisis.  
Los recombinantes basados en las cepas MVA y NYVAC se seleccionaron y 
crecieron en cultivos de fibroblastos embrionarios de pollo (CEF), y su titulación se llevó 
a cabo por inmunotinción en la misma línea celular. Monocapas de células CEF se 
infectaron con distintas diluciones del virus y 24-36 horas post-infección las monocapas 
infectadas se lavaron con PBS y se fijaron con metanol:acetona (1:1) durante dos 
minutos a temperatura ambiente. Una vez fijadas, se lavaron con PBS y se incubaron 
con una dilución 1:1000 de un anticuerpo policlonal de conejo frente a proteínas de 
vaccinia en PBS + 3% FCS durante 90 minutos en agitación suave a temperatura 
ambiente. A continuación se realizaron dos lavados con PBS y se incubó con el 
anticuerpo secundario anti-conejo generado en cabra conjugado con peroxidasa (diluído 
1:1000 en PBS + 3% FCS) durante 90 minutos a temperatura ambiente. Posteriormente 
se lavó con PBS dos veces y se reveló con una solución de 3,3’-diaminobenzidina 
tetrahydrochloride (DAB, 0,83 mg/ml, Sigma) en PBS, suplementada con NiSO4 3% 
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(0,01%) y H2O2 30% (0,001%). Tras la aparición de señal en las células infectadas la 
reacción se detuvo con PBS. 
 
3.3.5.4 Evaluación del efecto citopático (EC)  
Las células fueron cultivadas en placas de 12 pocillos y crecidas hasta 
confluencia. Las monocapas celulares fueron infectadas a una multiplicidad de 5 
UFP/célula con las diferentes cepas virales (VACV-WR, MVA y NYVAC) o con el virus 
recombinante NYVAC-C7L. El efecto citopático inducido por el virus en el cultivo celular 
fue visualizado bajo un microscopio de contraste de fase, tomándose fotografías de los 
cultivos celulares a los distintos tiempos postinfección. Características como 
redondeamiento celular, contracción citoplasmática o pérdida de adherencia de las 
células infectadas al sustrato fueron analizadas. 
 
3.3.5.5 Curvas de Crecimiento. Rendimiento viral 
Para analizar la eficiencia de replicación de las distintas cepas virales o los virus 
recombinantes utilizados en este estudio, monocapas de líneas celulares (permisivas y 
no a la infección) fueron infectadas a una multiplicidad de 0.01 UFP/célula con cada 
virus. Tras una adsorción de 60 minutos a 37 ºC, se retiró el inoculo y las células fueron 
lavadas abundantemente con medio DMEM sin suero. A continuación las células se 
incubaron a 37 ºC y en atmósfera de CO2 con medio DMEM fresco enriquecido al 2% 
con suero FCS. A distintos tiempos postinfección, las células se recogieron por pipeteo y 
se centrifugaron a 1500 rpm durante 5 minutos recogiéndose finalmente tanto el pelet 
como el sobrenadante. Los distintos sobrenadantes fueron mantenidos a 4 ºC hasta su 
titulación  durante un tiempo nunca superior a 48 horas. Los precipitados se 
resuspendieron en medio DMEM libre de suero a una concentración final de 20 x 106 
cels/ml, las partículas virales se liberaron tras romper las células mediante tres ciclos de 
congelación descongelación y sonicación. Después de centrifugar durante 5 minutos a 
1500 rpm el sobrenadante fue recogido y referido como virus asociado a la célula. El 
número de partículas virales infecciosas que permanecen asociadas a la célula o 
aquellas que son liberadas al sobrenadante durante el curso de la infección fueron 
contabilizadas por la técnica de inmunotinción descrita en el apartado 3.3.5.3. 
 
3.3.5.6 Inmunofluorescencia 
 Células HeLa o BHK-21 sembradas sobre cubreojetos se infectaron a una 
multiplicidad de 0,1 UFP/célula con las diferentes cepas virales. Tras 16 horas de 
infección, las células se lavaron con PBS y se fijaron con paraformaldehído al 4% 
durante 30 min. Después de varios lavados, las células se trataron con NH4Cl 50 mM 
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durante 10 min. y se permeabilizaron con 0,5% Tritón X-100 durante 10 min. a 
temperatura ambiente. Tras varios lavados con PBS, se bloqueó con una solución de 
0,5% Tween y 20% FCS en PBS durante 1 hora. Los cubreobjetos fueron lavados con 
PBS e incubados durante 1 hora a 37 ºC con un anticuerpo policlonal dirigido frente a la 
proteína A27 (A27L) del virus vaccinia (generado en conejo) y con un anticuerpo 
monoclonal dirigido frente a la proteína celular actina (generado en ratón). Después de 
lavar los cubreobjetos, se incubaron con los anticuerpos secundarios: anti-conejo 
conjugado con Alexa-488 (Invitrogen) y anti-ratón conjugado con Alexa-594 (Invitrogen), 
durante una hora a 37 ºC. A continuación se llevó a cabo una incubación adicional con el 
reactivo To-Pro (Invitrogen) para teñir el ADN, durante 20 min. a 37 ºC. El exceso de 
anticuerpo no unido fue eliminado mediante frecuentes lavados, tras lo cual los 
cubreobjetos se montaron en portaobjetos con Mowiol (Calbiochem). Para la obtención 
de imágenes se utilizó un microscopio confocal (Bio-Rad Radiance 2100). El mismo 
procedimiento y condiciones se utilizaron para analizar la expresión de otras proteínas 
virales como A17 (A17L) o L1 (L1R) aunque estos resultados no se muestran en este 
trabajo.     
 
3.3.5.7 Microscopía Electrónica 
Esta técnica fue desarrollada por el servicio de Microscopía Electrónica del 
Centro Nacional de Biotecnología (CNB) en Madrid, bajo la supervisión de la Dra. 
Cristina Patiño. 
 Monocapas de células HeLa fueron infectadas con MVA o con NYVAC a una 
multiplicidad de infección de 5 UFP/célula, a las 16 hpi las células fueron fijadas in situ 
con una mezcla de glutaraldheído al 2 % y ácido tánico al 1 % en 0,4 M de tampón 
HEPES (pH: 7,5) durante una hora a temperatura ambiente.  
Las monocapas fijadas fueron levantadas de las placas de cultivo en el fijador y 
se transfirieron a tubos eppendorf. Después de centrifugar y lavar con tampón HEPES, 
fueron guardadas a 4 ºC hasta su uso. Las células fijadas fueron procesadas por 
inclusión en epoxi-resinas EML-812 (TAAB Laboratorios Ltd., Berkshire, United 
Kingdom), como está descrito previamente (Risco y cols., 1998). La postfijación de las 
células infectadas fue hecha con una mezcla de tetróxido de osmio al 1% y ferricianuro 
de potasio al 0,8% en agua destilada por 1 hora a 4ºC. Después de 4 lavados en tampón 
HEPES, las muestras fueron tratadas con acetato de uranilo al 2%, y deshidratadas 
siguiendo concentraciones crecientes de acetona (50, 70, 90 y 100%), cada una de 100 
minutos a 4 ºC. La infiltración en la resina fue hecha durante 1 día a temperatura 
ambiente. La polimerización de las  muestras incluidas se hizo a 60 ºC durante 3 días. 
Después de esto se hicieron las secciones ultrafinas que se tiñeron con acetato de 
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uranilo saturado y citrato de plomo según procedimiento estándar. Las imágenes se 
tomaron en un microscopio electrónico Jeol 1200-EX II operado a 100 kV. 
 
3.3.6 Mediada de apoptosis 
 
Para la medición de apoptosis se realizaron distintas técnicas que se describen a 
continuación. 
 
3.3.6.1 Cambios morfológicos presentes en la muerte celular por apoptosis 
Una de las primeras manifestaciones morfológicas de la presencia de muerte 
celular por apoptosis es la pérdida de la unión celular. Así como cambios en la presencia 
de estructuras  especializadas, como son las microvellosidades. Al mismo tiempo se 
observan cambios en la organización del citoplasma y la aparición de condensación de la 
cromatina. Por medio de la microscopía de luz pudimos apreciar cambios en la 
organización celular, tales como la condensación de la cromatina o la aparición de 
cuerpos apoptóticos. 
Para apreciar alteraciones celulares como cambios en las microvellosidades, así 
como alteraciones mitocondriales se recurrió a la observación por microscopía 
electrónica, en la cual se hicieron evidentes características morfológicas de apoptosis 
como condensación de cromatina en patrón de media luna, reducción del volumen 
celular o la fragmentación nuclear. Estas técnicas se aplicaron en cultivos celulares 
sometidos a la infección por las distintas cepas virales como se han descrito 
anteriormente.  
 
3.3.6.2 Tinción con fluorescencia (DAPI) 
La observación de células teñidas con el colorante DAPI (4´6´-diamidino-2-
fenilindol) nos permitió identificar fácilmente características como la condensación de 
cromatina y la fragmentación nuclear, así mismo pudimos evaluar y cuantificar un 
número considerable de células. Esta técnica se llevo a cabo siguiendo el siguiente 
protocolo. Células HeLa sembradas sobre cubreojetos se infectaron a una multiplicidad 
de 5 UFP/célula con las diferentes cepas virales. A distintos tiempos post-infección, las 
células se lavaron con PBS y se fijaron con paraformaldehído al 4% durante 30 min. Tras 
varios lavados, las células se trataron con el colorante DAPI durante 30 min. a 
temperatura ambiente. La fragmentación nuclear se evaluó analizando las muestras en 
un microscopio de fluorescencia.  
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3.3.6.3 Degradación de ARN ribosomal 
Se examinó la degradación del ARN ribosomal en células HeLa sin infectar o 
infectadas con VACV-WR, MVA, NYVAC o NYVAC-C7L a una multiplicidad de 5 UFP/ml. 
El ARN total de células infectadas y sin infectar fue aislado utilizando el sistema de 
purificación Ultraspect-II-resin (Biotecx). Todo el protocolo se llevó a cabo en hielo y con 
material específicamente limpiado de posibles contaminaciones con ARNasas. 
Brevemente, las células se recogieron en el tampón de extracción de RNA que contiene 
fenol y sales de guanilato entre otros componentes. Se añadieron 0,5 volúmenes de 
cloroformo y se agitó enérgicamente con vortex para después incubarlo en hielo durante 
5 minutos. Se centrifugaron 15 minutos a 13000 rpm y se recogió la fase acuosa que 
contiene los ácidos nucleicos. El ARN se precipitó con 0,2 volúmenes de 2-propanol en 
presencia de 0,02 volúmenes de la resina suministrada con el kit. Se centrifugó la mezcla 
de la resina con el RNA a 13000 rpm 2 minutos y se lavó dos veces con etanol frío al 
70%, posteriormente se dejó secar 7 minutos y se eluyó en un volumen de agua DEPC 
correspondiente a 2 veces el volumen de resina utilizada. Se mezcló el agua con la 
resina para centrifugar y eluir el ARN en el agua. Se hicieron distintas alícuotas de ARN 
y se guardaron a -70ºC hasta su análisis. Para el análisis se emplearon 2 microgramos 
de ARN total de cada muestra que fueron fraccionados mediante electroforesis en un gel 
de formaldehído agarosa al 1%. La degradación del ARNr se visualizó tras teñir el gel 
con bromuro de etidio. 
 
3.3.6.4 Análisis del ciclo celular por citometría de flujo  
Esta técnica se usó para cuantificar la apoptosis inducida en las células 
infectadas con los distintos virus. Este ensayo se basa en la detección del contenido de 
ADN en la célula. Durante el proceso apoptótico, al haber degradación y fragmentación 
nuclear, las células presentan un menor contenido de ADN, lo cual aparece reflejado en 
el histograma de la citometría como una población sub-G0 por debajo de la región en la 
que se encuentran las células en el proceso anterior al de la replicación del ADN (G0-G1), 
lo que indicaría que podrían estar en apoptosis (Martín y cols., 2002). EL número de 
células apoptóticas en las células infectadas se cuantificó siguiendo este criterio. 
Para ello, células HeLa fueron infectadas a una multiplicidad de 5 UFP/célula con 
las cepas VACV-WR, MVA o NYVAC o con el virus recombinante NYVAC-C7L en 
presencia o ausencia de zVAD-fmk, un inhibidor general de caspasas (40 µM, 
Calbiochem). Las células sin infectar se usaron como control negativo. A las 24, las 
células fueron recogidas mediante pipeteo, y tras un lavado con PBS frío se 
permeabilizaron durante toda la noche a 4 ºC, con una mezcla de etanol y PBS al 70 %. 
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A continuación, se realizaron tres nuevos lavados con PBS y las células fueron tratadas 
con RNasa A durante 45 min. a 37 ºC, tras lo cual, fueron teñidas con ioduro de propidio 
(IP, 10 mg/ml). El porcentaje de células marcadas de este modo se analizó mediante 
citometría de flujo (FACSscan, Becton Dickinson, Mountain View, CA) utilizando el 
software Expo32. El número de eventos captados fue de 30 000.  
 
3.3.7 Manipulación de animales 
En la realización de este trabajo se han utilizado dos modelos distintos de ratón. 
En los ensayos de caracterización de la respuesta inmune especifica frente a antígenos 
de VIH-1 en los animales inmunizados, se utilizaron ratones trasgénicos HHD II cedidos 
por el Dr. Lemonnier del Instituto Pasteur en Francia, estos ratones son doble Knockout 
para el haplotipo H2-Db y β2microglobulina y transgénicos para la molécula quimera HLA-
A2 Humana. Para el resto de los ensayos se utilizaron ratones de la cepa BALB/c 
(haplotipo H-2d) de 6 a 8 semanas de edad obtenidos de Harlan Inc.   
 
3.3.7.1     Protocolos de inmunización 
Para la realización de los distintos experimentos se han empleado las siguientes 
rutas de inmunización: Intraperitoneal (i.p.), Intramuscular (i.m.), Escarificación en la 
base de la cola (e.c.), intranasal (i.n.) e intrarrectal (i.r.).  
Ruta de inoculación vol (µl) Inóculo dosis/ratón Ensayo 
WRluc 
MVAluc 200 
NYVACluc 
1 x 107 UFP Bioluminiscencia 
WRluc 
MVAluc 200 
NYVACluc 
1 x 107 UFP Luciferasa "ex vivo" 
MVA-B 200 NYVAC-B 2 x 107 UFP ELISPOT 
NYVAC 
NYVAC-C7L 200 
VACV-WR 
2 x 107 UFP Luciferasa "ex vivo" 
WRluc 
MVAluc 
Intraperitoneal (i.p.) 
200 
NYVACluc 
1 x 107 UFP Bioluminiscencia 
          
WRluc 
MVAluc 50 
NYVACluc 
1 x 107 UFP Bioluminiscencia 
Intramuscular (i.m.) 
100 ADN-B 100 µg ELISPOT 
          
WRluc 
MVAluc 50 
NYVACluc 
1 x 107 UFP Bioluminiscencia 
NYVAC 
NYVAC-C7L 
intranasal (i.n.) 
50 
VACV-WR 
106-108 UFP Virulencia 
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Ruta de inoculación vol (µl) Inóculo dosis/ratón Ensayo 
WRluc 1 x 106 UFP 
MVAluc 1 x 107 UFP Escarificación en la base de la cola (e.c.) 10 
NYVACluc 1 x 107 UFP 
Bioluminiscencia 
         
WRluc 
MVAluc Intrarrectal (i.r.) 50 
NYVACluc 
1 x 107 UFP Bioluminiscencia 
 
Tabla IX. Rutas de inoculación, inóculos y dosis utilizadas en los distintos ensayos 
realizados en este trabajo. 
 
3.3.7.2      Obtención de muestras de los animales inmunizados 
Para la obtención de los sueros, a diferentes tiempos post-inoculación según el 
experimento, se recogió la sangre del plexus reto orbital con un capilar heparinizado, se 
incubó 1 hora a 37 ºC y posteriormente toda la noche a 4ºC. La sangre se centrifugó 
durante 20 min. a 3500 rpm, obteniéndose de este modo el suero, que fue almacenado a 
-80 ºC hasta su utilización.  
Los tejidos recogidos variaron en función del experimento. El bazo fue el órgano 
elegido para determinar los parámetros inmunológicos mediante la técnica de ELISPOT 
inducidos en los animales tras los diferentes protocolos de inmunización. Este fue 
recogido de los animales 10-12 días después de la última inmunización.  
El grado de diseminación viral tras la inmunización por ruta intraperitoneal se 
analizó en órganos como los lavados peritoneales y los ovarios como sitios próximos al 
lugar de inoculación, mientras que bazo e hígado fueron seleccionados como órganos 
más distantes.  
 
3.3.7.3      Ensayo de virulencia del recombinante NYVAC-C7L 
Para la realización de este ensayo se utilizaron ratones BALB/c de 6 a 8 semanas 
de edad a los que se les inoculó por ruta intranasal una dosis letal de la cepa 
competente en replicación WR (1 x 106 UFP/ratón en 50 µl de PBS) o una dosis hasta 
100 veces superior de la cepa NYVAC o del recombinante NYVAC-C7L (1 x 108 
UFP/ratón en 50 µl de PBS). El aspecto y peso de los ratones fue monitorizado 
diariamente con el objetivo de determinar signos de enfermedad. Aquellos animales que 
sufrieron una pérdida de peso superior al 25 % de su peso inicial fueron sacrificados por 
razones éticas. 
 
3.3.7.4 Ensayo de Bioluminiscencia (BLI) 
Este ensayo ha sido realizado por el departamento de Hepatología y terapia 
génica del Centro de Investigación Médica Aplicada (CIMA) de Pamplona bajo la 
supervisión de la Dra. Gloria González-Aseguinolaza. 
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La técnica de bioluminiscencia está basada en la detección de luz visible emitida 
tras la descarboxilización oxidativa de la luciferina, una reacción que es catalizada por la 
enzima luciferasa en presencia de ATP y oxígeno (Sandikot y Blackwell, 2005). Esta 
técnica nos permite cuantificar en un mismo animal la progresión de la infección viral en 
el espacio y en el tiempo, identificando las variaciones en replicación y diseminación del 
virus.  
Ratones Balb/c de 6 a 8 semanas de edad (Harlan OLAC, NL) fueron inoculados 
con los distintos virus recombinantes que expresan el gen de la luciferasa bajo el control 
trascripcional del promotor viral sintético temprano tardío pE/L. A distintos tiempos 
postinoculación, los animales fueron anestesiados y se le administró por ruta 
intraperitoneal 100 µl de  D-luciferina (Xelogen, Alameda, CA) a una concentración de 30 
mg/ml diluído en una solución de NaCl 150 mM. Los animales se colocaron en una 
cámara de análisis IVIS de Xenogen y se tomaron fotografías en escala de grises de los 
animales seguido de una adquisición con luminiscencia empezando 10 minutos después 
de la inyección de luciferina. Las imágenes fueron recogidas cada tres minutos en 
posición dorsal y ventral de los animales. La intensidad de luz se cuantificó mediante una 
escala de colores siendo el rojo la mayor intensidad y el azul el flujo de fotones más bajo. 
La medida de bioluminiscencia se llevó a cabo diariamente y la progresión de la infección 
se monitorizó hasta la desaparición de la señal.  
 
3.3.7.5    Determinación de los niveles de luciferasa “ex vivo” 
La expresión génica de lso virus recombinantes en los diferentes tejidos se 
evaluó mediante el ensayo de luciferasa descrito previamente por Rodríguez y 
colaboradores en 1988. 
Diferentes grupos de animales recibieron una inyección intraperitoneal  (1 x 107 
UFP por animal) de MVAluc, NYVACluc o WRluc. A distintos tiempos postinoculación los 
animales fueron sacrificados, se realizaron lavados peritoneales con 10 ml de PBS y se 
recogieron los nódulos linfáticos, el bazo y los ovarios que fueron diseccionados en 
condiciones estériles y almacenados a -70 ºC hasta su análisis. 
Los diferentes tejidos de los ratones individualizados fueron homogenizados en 
un tampón de extracción de luciferasa (promega) con la utilización de un homogenizador 
Ultraturrax T8 (Janke & Kunkel). La actividad luciferasa se midió en presencia de 
luciferina y ATP mediante la utilización de un luminómetro Lumat LB 9501 (Berthold 
Technologies) siguiendo las indicaciones del fabricante. La señal de luciferasa se 
expresó como Unidades relativas de luciferasa (URL) por mg de proteína. El contenido 
proteíco de los diferentes tejidos se determinó utilizando el kit comercial BCA (Pierce 
Biotechnology). 
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2.3.7.6 Inmunización mediante protocolos de Prime-Boost 
 Para los ensayos de inmunización de activación y refuerzo (prime/boost) con los 
candidatos vacunales MVA-B y NYVAC-B, el calendario de inmunización y toma de 
muestras fue el siguiente (Figura 10):   
 
0 15 25 26 días
Prime Boost
Sacrificio
de los
animales
Toma
de 
muestra
(sangre) ELISPOT
ELISA 
• citoquinas
• quimioquinas
ELISA Ac 
ADN Pox
100 µg (i.m.)
Pox Pox
2 x 107 UFP (i.p.)
2 x 107 UFP (i.p.)2 x 107 UFP (i.p.)
 
• Día 0: Primera dosis de inmunización (Priming): inmunización con ADN 
• Día 15: Segunda dosis de inmunización (Boost): Día 15, inmunización con poxvirus 
• Día 25: Toma de muestras (sangre) 
• Día 26: Sacrificio de los animales y análisis por ELISPOT de la respuesta inmune 
 
Figura 10: Esquema de inmunización mediante protocolos de prime-Boost empleados para 
el análisis de la respuesta inmunológica inducida por los distintos vectores. 
 
La inoculación del ADN se realizó por vía intramuscular, inoculándose 100 µg de 
ADN-B en 100 µl de agua estéril libre de pirógenos (50 µg de pcDNA-GPN y 50 µg de 
pCMVgp120). Los virus recombinantes se inocularon en la cavidad intraperitoneal en un 
volumen total de 200 µl de PBS estéril con una dosis viral de 2 x  107 UFP/ratón.  Los 
virus empleados en todas las inmunizaciones fueron purificados por gradiente (VACV-
WR) o doble colchón (MVA y NYVAC) de sacarosa para asegurar su pureza. 
  
3.3.7.7    Determinación de las células T secretoras de IFN-γ mediante el 
ensayo de ELISPOT 
Para evaluar la inmunogenicidad de las células T específicas de antígeno se 
utilizó el ensayo de ELISPOT, que cuantifica la respuesta inmune celular mediada por un 
protocolo de inmunización detectando las células que secretan determinadas citoquinas 
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al ser reestimuladas por  un antígeno o péptido específico (Miyahira y cols., 1995). En 
resumen, placas de 96 pocillos con fondo de nitrocelulosa (Millipore) se cubrieron con 75 
µl/pocillo de una solución del anticuerpo monoclonal de rata anti-IFN-γ murino (clon R4-
6A2, Pharmingen, San Diego, CA) a una concentración de 6 µg/ml en PBS. Tras 
incubarlo toda la noche a temperatura ambiente, se lavaron los pocillos tres veces con 
medio RPMI y finalmente se incubó con medio suplementado con 10% FCS, durante al 
menos una hora a 37 ºC en atmósfera de CO2 al 5%. Los bazos y/o ganglios de los 
animales inmunizados se recogieron en medio RPMI + 10% FCS y se homogeneizaron 
en un separador celular (Falcon). Las células disgregadas se centrifugaron durante 5 
min. a 1500 rpm a 4 ºC, y se lavaron dos veces con RPMI + 10% FCS. En el caso de los 
bazos, se lisaron los eritrocitos añadiendo NH4Cl 0,1M (2 ml/bazo) durante 3-5 min. en 
hielo. Transcurrido este tiempo se añadió RPMI + 10% FCS y se centrifugó, se lavó dos 
veces más con RPMI + 10% FCS y finalmente las células se resuspendieron en un 
pequeño volumen de RPMI + 10% FCS. Se contó el número de esplenocitos mediante 
tinción con azul tripan (4% en agua; SIGMA).  
En el caso de evaluar la respuesta específica frente a los antígenos de VIH, se 
usaron pooles de péptidos que abarcan todos los antígenos de VIH presentes en las 
construcciones. Después de realizar tres lavados, las células presentadoras, a las que se 
adicionó IL-2 (60 U/ml), se añadieron a una concentración de 105 células/pocillo. 
Asimismo, se añadieron 100 µl/pocillo de una suspensión de 107 esplenocitos/ml y de 
diluciones 1/4 y 1/16. Las placas se incubaron durante 48 horas a 37 ºC en atmósfera de 
CO2, se lavaron 5 veces con PBS + 0,05% Tween-20 (PBST), y se incubaron con 2 
µg/ml del anticuerpo monoclonal de rata anti-IFN-γ biotinilado XMG1.2 (Pharmingen) 
diluido en PBST, durante 2 horas a temperatura ambiente. Posteriormente se lavaron las 
placas 5 veces con PBST y se añadió una dilución 1/800 de avidina-peroxidasa (0,5 
mg/ml; Sigma). Tras 1 hora a temperatura ambiente se lavó 3 veces con PBST y dos con 
PBS, añadiéndose finalmente la mezcla de revelado: 1 µg/ml del sustrato DAB (Sigma), 
resuspendido en Tris-Cl 50 mM pH 7,5, 0,015% de H2O2. La reacción se detuvo lavando 
la placa con abundante agua, y una vez seca se realizó el recuento de los spots con la 
ayuda del software AID ELISPOT reader system (Vitro).  
 
3.3.7.8 Evaluación de los niveles de citoquinas y β-quimioquinas  por 
ELISA 
 Los niveles de citoquinas y b-quimioquinas presentes en las sobrenadantes de 
cultivos celulares de los esplenocitos reestimulados in vitro se determinaron mediante 
ELISA utilizando kits comerciales de Pharmingen. Siguiendo las instrucciones del 
fabricante, placas de 96 pocillos de fondo plano (Maxisorp, Nunc) se tapizaron con el 
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anticuerpo anti-citoquina o anti-quimioquina, diluido en su correspondiente tampón 
(Carbonato sódico 0,1M pH 9,5 para IFN-γ, Fosfato sódico 0,2M pH 6,5 para INF-γ e IL-
10), y se incubaron toda la noche a 4 ºC. Los pocillos se lavaron con PBST, y se 
bloquearon durante 1 hora a temperatura ambiente con PBS + 10% FCS. Tras el 
bloqueo se añadieron diluciones seriadas de las muestras y de los estándares de 
citoquinas o quimioquinas en PBS + 10% FCS. La placa se incubó durante dos horas a 
temperatura ambiente o durante toda la noche a 4 ºC. Después se lavó con PBST y se 
incubó a temperatura ambiente durante una hora con el anticuerpo anti-citoquina o anti-
quimioquina biotinilado, junto con la estreptavidina conjugada con peroxidasa, diluido en 
PBS + 10% FCS. Se lavaron los pocillos y se añadió el sustrato TMB (Sigma). Se incubó 
a temperatura ambiente y en oscuridad durante 30 min. tras lo cual la reacción se detuvo 
con H2SO4 2N. La absorbancia se leyó a 450 nm en un lector de placas Labsystems 
Multiskan Plus (Chicago, IL.) y los valores obtenidos fueron extrapolados en la curva 
estándar (pg/ml). 
 
3.3.7.9 Determinación de anticuerpos por ELISA 
 La presencia de anticuerpos en el suero de los ratones inmunizados, tanto frente 
a vaccinia como frente a los antígenos específicos de VIH-1, se determinó mediante 
ELISA. Se tapizaron placas Maxisorp (Nunc) de 96 pocillos con 50 µl/pocillo del antígeno 
correspondiente (gp160 LAV o Extracto celular de vaccinia) a una concentración de 2 
µg/ml en PBS y se incubó toda la noche a 4 ºC. Posteriormente, se lavó con PBST dos 
veces y se bloqueó con PBST + 10% FCS durante 1 hora a 37 ºC. Después del bloqueo 
se añadieron 100 µl/pocillo de los sueros diluidos en PBST + 10% FCS y se incubó 
durante 1-2 horas a 37 ºC. Se lavó tres veces con PBST y se añadieron los anticuerpos 
de cabra anti-inmunoglobulinas de ratón conjugados con peroxidasa diluidos en PBST 
(IgG total, dilución 1/1000; Southern Biotechnology Associates, Birmingham, AL.). Tras 1 
hora a 37 ºC se lavó tres veces con PBST y se añadieron 50 ml/pocillo del sustrato TMB 
(Sigma). Tras 10-15 min. en oscuridad, la reacción se detuvo con 50 µl de H2SO4 2N. Se 
midió la absorbancia a 450 nm en un lector de placas Labsystems Multiskan Plus 
(Chicago, IL.).  
 
3.3.7.10 Análisis estadístico 
 El análisis estadístico de los datos para determinar la significancia de las 
diferencias encontradas entre los distintos grupos se realizó mediante el test de análisis 
de la varianza (ANOVA). Para analizar las diferencias entre dos grupos se realizó un test 
t de Student. Se consideraron significativos valores de p menores de 0,05: *, p<0,05, **, 
p<0,01, ***, p<0,005.  
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4.1- ESTUDIO COMPARATIVO DEL COMPORTAMIENTO 
EN CÉLULAS EN CULTIVO DE LAS CEPAS MVA Y 
NYVAC.  
 
4.1.1- Caracterización del Efecto Citopático (EC) inducido en la 
célula tras la infección con las cepas MVA y NYVAC. 
 
La infección por el virus vaccinia (VACV) induce importantes cambios bioquímicos 
y morfológicos en la célula infectada que conjuntamente se denominan efecto citopático 
o EC (Bablanian y cols., 1978a; Bablanian y cols., 1981a; Bablanian y cols., 1981b; 
Bablanian y cols., 1978b). 
En primer lugar, nos propusimos caracterizar el efecto citopático inducido en 
diferentes líneas celulares tras la infección con las cepas atenuadas MVA y NYVAC. 
Para ello, se realizó un seguimiento a lo largo del tiempo de los cambios producidos en 
las células infectadas según se describe en el apartado 2.3.5.4 de materiales y métodos. 
De este modo, fueron analizadas una serie de características como el redondeamiento 
celular, la aparición de cuerpos de inclusión o la pérdida de adherencia al sustrato 
mediante microscopía de contraste de fase.  
En la figura 11 se muestra un ejemplo representativo del EC inducido por las 
cepas MVA y NYVAC en una línea celular no susceptible a la infección productiva como 
las células HeLa. Casi la totalidad de las células infectadas con NYVAC mostraron un 
pronunciado redondeamiento celular a tiempos tan tempranos como 2 horas 
postinfección. Este efecto citopático fue aumentando progresivamente a medida que 
avanzó la infección, observándose a tiempos tardíos, 24 horas, una gran pérdida de 
adhesión celular. Este fenotipo fue bastante similar al que encontramos en las células 
infectadas con la cepa competente en replicación WR. Sin embargo, el redondeamiento 
celular inducido por éste a tiempos tempranos fue menos pronunciado. 
Por el contrario, el EC fue menor o estaba más retrasado cuando las células 
fueron infectadas con la cepa atenuada MVA, donde a tiempos tardíos toda la monocapa 
celular se mantenía todavía adherida al sustrato (Figura 11). El mismo efecto se observó 
en líneas celulares permisivas (BHK-21 y CEF), e incluso cuando las células infectadas 
fueron pretratadas con la droga Ara C que bloquea la replicación del ADN viral (dato no 
mostrado), lo que nos sugiere que el EC depende de la expresión de genes virales 
tempranos. 
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Otro de los efectos que pudimos observar en las fotografías fue que a partir de las 
16 horas en aquellas células infectadas con NYVAC, y a diferencia de las infecciones 
con MVA o con WR, un gran número de células presentaban cambios morfológicos 
característicos de un proceso de muerte celular por apoptosis. En este sentido, 
observando las imágenes a mayor aumento se detectó la formación de vesículas unidas 
a la membrana plasmática adquiriendo una forma característica de “burbujas” (zeiosis) y 
la posterior fragmentación celular dando lugar a estructuras esféricas que corresponden 
a fragmentos citoplasmáticos denominados cuerpos apoptóticos, imágenes compatibles 
con la fase de ejecución del proceso apoptótico. 
 
 
Figura 11: Efecto Citopático de MVA y NYVAC en células de origen humano HeLa. Los 
cambios morfológicos inducidos a los distintos tiempos postinfección fueron analizados mediante 
microscopía de contraste de fase en células HeLa sin infectar (mock) o tras la infección con las 
cepas virales WR, MVA o NYVAC a una multiplicidad de 5 UFP/célula.  
 
4.1.2- Análisis del rendimiento de MVA y NYVAC en células 
permisivas y no permisivas. 
 
Para analizar las propiedades de restricción de hospedador de cada cepa, 
decidimos comparar y cuantificar la capacidad de replicación y propagación de MVA y 
NYVAC bajo condiciones permisivas y no permisivas de producción viral. De este modo, 
infectamos monocapas de células BHK-21(línea celular permisiva) o HeLa (línea celular 
no permisiva)  a una multiplicidad de infección de 0,01 UFP/célula con cada virus. A 
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distintos tiempos postinfección las partículas virales infecciosas que permanecen 
asociadas a la célula o aquellas que se han liberado al sobrenadante durante el curso de 
la infección, fueron contabilizadas por inmunotinción. El rendimiento viral de las cepas 
atenuadas fue comparado con el de la cepa competente en replicación WR también 
incluido en este análisis.  
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Figura 12: Rendimiento de MVA y NYVAC en líneas celulares permisivas y no permisivas. 
Células HeLa (A) y BHK-21 (B) fueron infectadas a una multiplicidad de infección de 0,01 
UFP/célula con los virus WR, MVA o NYVAC. A los tiempos indicados las células infectadas 
fueron recogidas por centrifugación y las partículas infecciosas asociadas a las células, o 
liberadas al sobrenadante durante en curso de la infección, se cuantificaron por inmunotinción.  
 
Como podemos observar en la figura 12-A, en las células de origen humano HeLa 
infectadas con la cepa WR, el título viral se incrementó a lo largo del tiempo en más de 
10000 veces, mientras que no se observó ningún incremento significativo ni con MVA ni 
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con NYVAC. Por el contrario, bajo condiciones permisivas la cinética de crecimiento de 
las tres estirpes fue muy similar (Figura 12-B). Aunque si analizamos los títulos obtenidos 
con NYVAC, podemos observar que a tiempos tardíos hay una reducción en la 
producción de partículas infecciosas de casi un logaritmo respecto a los títulos obtenidos 
con la cepas WR o MVA.  
 
En conjunto, los resultados de la figura 12 demuestran que las dos cepas 
atenuadas tienen un comportamiento bastante similar en cuanto a la eficiencia de 
replicación. Así, bajo condiciones no permisivas (HeLa), ninguna de las cepas es capaz 
de replicar de forma productiva. Mientras que en condiciones permisivas (BHK-21), 
ambos virus siguen la misma cinética de crecimiento viral, aunque la eficiencia de 
replicación de NYVAC fue casi un logaritmo menor que la de MVA. Esta reducción podría 
estar relacionada con el marcado EC que se induce en la célula tras la infección con 
NYVAC (Figura 11). 
 
4.1.3- Análisis de la síntesis de proteínas durante la infección 
con MVA y NYVAC. 
 
A continuación, quisimos analizar el proceso de síntesis de proteínas, tanto 
celulares como virales, en líneas susceptibles y no susceptibles a la infección productiva 
de MVA o NYVAC.   
Para comparar la síntesis de novo en ambas infecciones, cultivos celulares de 
BHK-21 y HeLa fueron infectados con MVA o NYVAC a una multiplicidad de 5 
UFP/célula. A las 2, 4, 8 y 16 horas tras la adsorción del virus, las células infectadas 
fueron marcadas metabólicamente durante 30 minutos. Tras dicho marcaje, las muestras 
se recogieron y el patrón de proteínas en los distintos lisados celulares fue analizado por 
SDS-PAGE y autorradiografía. Como podemos observar en la figura 13, en ambas líneas 
celulares infectadas tanto con MVA como con NYVAC, el comienzo de la síntesis de 
proteínas virales y la inhibición de la síntesis de las proteínas celulares ocurre entre las 4 
y 8 primeras horas de infección como demuestra la aparición de nuevas bandas 
(marcadas con puntos). A dichos tiempos no se observaron diferencias entre ambos 
virus ni en la cinética de síntesis ni en el patrón de proteínas virales. Sin embargo, a 
tiempos más tardíos (16 hpi) los niveles en la síntesis de proteínas virales fueron más 
reducidos en la infección por NYVAC respecto a la de MVA. 
Estas diferencias en la cantidad de proteínas virales fueron confirmadas por un 
ensayo de western-blot, analizando los mismos lisados con un anticuerpo policlonal que 
reconoce proteínas virales del virus vaccinia (Figura 14). 
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Figura 13: Síntesis de novo de proteínas durante la infección con MVA o NYVAC. 
Monocapas de células BHK-21 (A) o HeLa (B) sin infectar (Mock: M) o infectadas con MVA o 
NYVAC a una multiplicidad de 5 UFP/célula fueron marcadas metabólicamente durante 30 
minutos con [S35] Met-Cys (Promix, 50 µCi/ml) a distintos tiempos postinfección. Tras el 
marcaje, las muestras fueron recogidas y cantidades equivalentes de proteínas fueron 
analizadas por SDS-PAGE (10 %) y autorradiografía. Los puntos a la derecha indican proteínas 
virales. El tiempo está indicado en horas postinfección. 
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Figura 14: Acumulación de proteínas virales durante la infección con MVA o NYVAC. 
Análisis por western-blot de la expresión de antígenos virales durante la infección con MVA o con 
NYVAC en células BHK-21 (A) y HeLa (B). Los números que aparecen en la parte inferior de 
cada carril representan el ratio determinado por densitometría, correspondiente a la intensidad de 
las bandas en las células infectadas respecto a los niveles obtenidos en las células sin infectar. M: 
células sin infectar. 
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Cuando una célula es infectada, se activan los mecanismos de acción antiviral 
con el objetivo de bloquear eficientemente la producción de proteínas virales y así evitar 
la formación de nuevas partículas infecciosas (Opferman, 2007). La expresión génica en 
células eucarióticas está regulada a nivel de la traducción de sus ARN mensajeros 
(ARNm). La fosforilación del factor de iniciación eIF2 representa uno de los mecanismos 
de regulación de la síntesis de proteínas mejor caracterizado en células de mamífero ya 
que impide la traducción de proteínas. En dicho proceso participa una familia de 
proteínas que fosforilan específicamente la subunidad alfa de dicho factor en respuesta a 
varias condiciones de estrés, como por ejemplo, la falta de nutrientes, la deficiencia en 
hierro, el choque térmico o la infección viral (de Haro y cols., 1996). Por ello, nuestro 
siguiente objetivo fue examinar los niveles de fosforilación de eIF2α en el contexto de la 
infección viral. Así, determinamos los niveles de eIF2α  fosforilado en células BHK-21 y 
HeLa infectadas con MVA o NYVAC mediante un ensayo de western-blot empleando 
anticuerpos específicos frente a eIF2α y frente a su forma fosforilada. Como muestra la 
figura 15, en ambas líneas celulares se observó un nivel basal de fosforilación de eIF2α 
similar al de las células sin infectar a tiempos tempranos postinfección. Sin embargo, 
hubo un incremento en dicho nivel en las células infectadas con NYVAC y no en aquellas 
infectadas con MVA a medida que la infección fue avanzando. Comparando estos 
resultados con los de la figura 14, dicha fosforilación de eIF2α se produjo después del 
comienzo de la inhibición en la síntesis de proteínas celulares, coincidiendo con la 
disminución en la síntesis de proteínas virales.  
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Figura 15: Fosforilación de eIF2α durante el curso de la infección con MVA y NYVAC. 
Análisis por western-blot de los niveles de fosforilación de eIF2α a lo largo del tiempo en células 
BHK-21 (A) y HeLa (B) sin infectar (M) o infectadas por MVA o NYVAC a una multiplicidad de 5 
UFP/célula.  
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Como hemos descrito previamente en la introducción, la expresión génica de los 
poxvirus está regulada en forma de cascada, donde primero se sintetizan las proteínas 
tempranas mientras que la síntesis de proteínas intermedias y tardías sólo ocurre 
después de la replicación del ADN viral (Broyles, 2003). Ante el posible control 
traduccional de las proteínas virales debido a la fosforilación del factor eIF2 durante la 
infección con NYVAC, nos propusimos analizar si dicho bloqueo en la síntesis de 
proteínas virales podría ser específico de un determinado grupo de genes. 
Para ello, analizamos la expresión de proteínas virales tempranas y tardías 
mediante western-blot en lisados de células HeLa y BHK-21 infectadas con MVA o 
NYVAC empleando anticuerpos que reconocen específicamente la proteína viral 
temprana E3 (producto del gen E3L) y las proteínas virales tardías A27, A14, A17, L1 y 
A4 (productos de los genes A27L, A14L, A17L, L1R y A4L, respectivamente).  
Como podemos observar en la figura 16, la expresión de las proteínas virales 
tempranas y tardías analizadas fue similar tras la infección con WR, MVA o NYVAC bajo 
condiciones permisivas (BHK-21). Sin embargo, en condiciones no susceptibles a la 
infección productiva (HeLa), el patrón de síntesis de proteínas virales en la infección con 
NYVAC fue distinto respecto al de MVA o WR. Concretamente, las bandas 
pertenecientes a las proteínas virales tardías A27, A17 y L1, no se detectaron en los 
extractos de células infectadas con NYVAC, mientras que sí estaban presentes en los 
lisados celulares procedentes de las infecciones con MVA o WR. Por el contrario, las 
bandas correspondientes a la proteína temprana E3 o a las proteínas tardías A4 y A14 
fueron detectadas eficientemente en los lisados de células infectadas con cualquiera de 
las tres cepas.  
Estos resultados nos indican que durante la infección con NYVAC en condiciones 
no permisivas existe un bloqueo específico que afecta a la síntesis de ciertas proteínas 
virales tardías. 
Para confirmar estos resultados, analizamos mediante inmunofluorescencia la 
expresión de la proteína A27, que no pudimos detectar por western-blot. En la figura 17 
se muestra localización de la proteína A27 en condiciones permisivas (BHK-21) y no 
permisivas (HeLa) tras la infección con WR, MVA o NYVAC.  
La proteína viral A27, es una proteína estructural localizada en la membrana del 
virus intracelular maduro (MV). Como puede observarse en la figura 17, en condiciones 
permisivas (BHK-21), donde el virus puede replicar, la distribución de esta proteína es 
similar en las tres infecciones, mostrando un marcaje punteado distribuido por todo el 
citoplasma que correspondería a la formación de los viriones intracelulares maduros 
(MVs). Sin embargo, en la línea no permisiva (HeLa), el marcaje de la proteína A27 es 
diferente para cada una de las cepas virales. En las células infectadas con WR el 
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marcaje es similar al descrito en células BHK-21 ya que ambas líneas celulares son 
susceptibles a la infección por WR. En las células infectadas por NYVAC no se observa 
ningún tipo de marca para la proteína A27, lo que confirma el resultado obtenido por 
western-blot (Figura 16). En las células infectadas por MVA se observa una acumulación 
citoplasmática de la proteína A27 lo que se correlaciona con lo descrito previamente para 
la infección con MVA en líneas celulares no permisivas, donde existe un bloqueo en el 
ensamblaje de las proteínas estructurales sin afectar a la síntesis de proteínas virales. 
Resultados similares se obtuvieron para las proteínas virales tardías A17 y L1 (datos no 
mostrados).   
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Figura 16: Expresión de proteínas virales específicas bajo condiciones susceptibles y no 
susceptibles a la infección. La expresión de las proteínas virales tempranas (E3) y tardías (L1, 
A17, A27, A4 y A14) en células BHK-21 y HeLa sin infectar (Mock) o infectadas con las cepas 
WR, MVA o NYVAC a una multiplicidad de 5 UFP/célula fue analizada por western-blot. Los 
extractos celulares se recogieron a las 24 hpi y cantidades equivalentes de proteína fueron 
resueltas por SDS-PAGE y transferidas a una membrana de nitrocelulosa que fue incubada con 
distintos anticuerpos específicos que reconocen las distintas proteínas virales. 
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Figura 17: Análisis de la expresión de la proteína A27 por inmunofluorescencia. Células 
BHK-21 y HeLa fueron infectadas con las cepas WR, MVA o NYVAC a una multiplicidad de 5 
PFU/célula. A las 16 horas postinfección las células fueron fijadas, permeabilizadas y marcadas 
con el anticuerpo monoclonal C3, que reconoce la proteína viral A27 (●) y con faloidina para 
detectar la actina celular (●) Como control negativo se utilizaron las células sin infectar. Los 
paneles de la derecha muestran una mayor magnificación de las áreas indicadas. 
 
Ante estos resultados quisimos determinar si la ausencia de las proteínas A27, 
A17 y L1 podría ser debida a un defecto a nivel transcripcional. Para ello, analizamos la 
transcripción de los genes virales E3L y A27L en células HeLa infectadas con WR, MVA 
o NYVAC. A las 24 hpi el ARN total de las células infectadas fue aislado y los niveles de 
ARNm específicos fueron analizados por RT-PCR. Como muestra la figura 18, hubo 
amplificación en todas las infecciones y no se apreciaron diferencias en los tamaños de 
los productos amplificados, lo que nos podría indicar una correcta transcripción de 
ambos genes.  
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Figura 18: Transcripción viral de los genes E3L y A27L. La transcripción de los genes E3L y 
A27L fue determinada por RT-PCR como se describe en el apartado 2.3.2.3 de materiales y 
métodos. El ARN total procedente de células sin infectar y el ADN extraído de células infectadas 
con MVA fueron utilizados como control negativo (mock) y positivo (C+) respectivamente. 
 
A continuación, decidimos analizar en mayor profundidad la integridad del ARNm 
del gen A27L realizando un análisis de extensión del cebador como se describe en el 
apartado 2.3.2.4 de materiales y métodos. 
Como se observa en la figura 19, tanto en las muestras procedentes de la 
infección de células HeLa con NYVAC como con WR se obtuvo un mismo producto de 
ADNc de 263 pares de bases. Estos resultados nos indican que el extremo 5´ del gen 
A27L se encuentra intacto y confirma su correcta transcripción durante la infección por 
NYVAC.  
 
Por lo tanto, podemos concluir que la inhibición en la síntesis de ciertas proteínas 
virales tardías durante la infección de líneas no permisivas con NYVAC parece ser una 
consecuencia de un bloqueo en la traducción y no de una inhibición específica en la 
transcripción de genes tardíos. 
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Figura 19: Ensayo de extensión del cebador del gen A27L. Producto de extensión del cebador 
obtenido utilizando 2 µg de ARN total aislado de células HeLa sin infectar (A) o infectadas con 
VACV-WR (B) o NYVAC (C) a 5 UFP/célula durante 16 horas. En el gráfico se muestran los 
tamaños de los picos (en pares de bases) y los controles estándar internos obtenidos con 
GeneScan 500 ROX. Las flechas indican los productos (ADNc marcado con VIC) obtenidos para 
el gen A27L. El área del pico es una medida de la intensidad de fluorescencia de la señal de VIC. 
Las áreas de pico para cada muestra fueron: 177 para NYVAC, 164 para WR, y 55 para las 
células sin infectar (mock) (datos no mostrados). 
 
4.1.4- Estudio comparativo del proceso de morfogénesis de MVA 
y NYVAC en células HeLa.  
 
Trabajos previos de microscopía electrónica entre los que se incluyen algunos  
realizados en el laboratorio del Dr. Esteban, han descrito que mutantes de deleción del 
virus vaccinia en alguno de los genes que codifican para proteínas virales tardías como 
A17, A27 o L1, presentan un bloqueo en distintas etapas de la morfogénesis viral 
(Rodriguez y cols., 1995; Smith y cols., 2002).  
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En la figura 20, se muestra un esquema de la morfogénesis del virus vaccinia 
(VACV) donde se indica en qué etapas intervienen algunas de las proteínas virales cuya 
síntesis se encuentra inhibida durante la infección con NYVAC de células HeLa. 
 
 Figura 20: Esquema de los 
estadíos de la morfogénesis viral 
del virus vaccinia. En la figura se 
indican los estadíos en los que 
están implicadas algunas de las 
proteínas que participan en el 
proceso de morfogénesis. Figura 
adaptada de Smith y cols., 2002. 
 
 
 
 
 
La ausencia de varias proteínas como A27, L1 o A17 en células HeLa infectadas 
con NYVAC nos sugería por lo tanto, que podría existir un bloqueo a nivel de 
morfogénesis en dichas células. Por ello, decidimos realizar un estudio comparativo del 
proceso de morfogénesis en células HeLa infectadas con MVA o NYVAC.  
La morfogénesis de MVA bajo condiciones permisivas y no permisivas ha sido 
ampliamente estudiada (Carroll y cols., 1997; Gallego-Gomez y cols., 2003; Meiser y 
cols., 2003; Sancho y cols., 2002; Suttery Moss, 1992). El estadío en el que se produce 
el bloqueo depende del tipo celular. En células HeLa, el bloqueo en el programa 
morfogenético de MVA ocurre en los pasos siguientes a la formación de los viriones 
inmaduros (IVs), sin alterar la expresión de genes tempranos, intermedios ni tardíos 
(Sancho y cols., 2002; Sutter y cols., 1992).  
Por el contrario, no hay estudios disponibles sobre la morfogénesis de NYVAC. 
Por lo tanto decidimos caracterizar este proceso en condiciones no permisivas. Para ello, 
se infectaron células HeLa con las cepas  MVA o NYVAC a una multiplicidad de infección 
de 5 UFP/célula. A las 16 hpi las células infectadas fueron examinadas por microscopía 
electrónica para detectar la presencia de intermediarios en la morfogénesis.  
Como muestra la figura 21, en las células infectadas con NYVAC (B) se 
detectaron muy pocos IVs en comparación con los presentes en las células infectadas 
con MVA (A). Además, no se detectó ninguna forma viral madura tras la infección con 
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NYVAC, sugiriendo que el bloqueo en el programa morfogenético de esta cepa ocurre en 
un paso anterior a la maduración o la formación de los viriones (IVs). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figura 21: Microscopía Electrónica de células HeLa infectadas con MVA o NYVAC. 
Micrografías electrónicas de células HeLa infectadas con MVA (A) o NYVAC (B) a una 
multiplicidad de 5 UFP/célula durante 16 horas. La barra situada en la esquina superior derecha 
de cada panel indica la magnificación de cada fotografía (500nm). N: núcleo; M: mitocondria; FV: 
Factoría viral. Las flechas indican los viriones inmaduros  (IVs).  
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Las imágenes tomadas con el microscopio electrónico de las células infectadas 
con NYVAC también revelaron la severidad de la infección. En dichas células fueron 
evidentes características propias de la inducción de apoptosis como la condensación de 
cromatina en patrón de media luna (Figura 22-A) o la formación de vacuolas translúcidas 
a nivel citoplasmático asociadas a la reducción del volumen celular (Figura 22-B). Como 
se había descrito previamente (Gallego-Gomez y cols., 2003), ninguna de estas 
alteraciones se observaron en las células infectadas con MVA (imágenes no mostradas). 
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Figura 3.12: Características morfológicas propias de un proceso de muerte celular 
programada detectadas en las células infectadas con NYVAC. (A) Condensación de 
cromatina. (B) Formación de vacuolas translúcidas. La barra situada en la esquina superior 
izquierda de cada panel indica la magnificación de cada fotografía (500 nm). 
 
4.1.5- Estudio del proceso de apoptosis en células humanas 
infectadas con MVA o NYVAC. 
  
Los resultados descritos en los apartados 3.1.1 y 3.1.4 sugerían que la infección 
por NYVAC era responsable del fenotipo apoptótico observado por lo que quisimos 
analizar más detalladamente este proceso. 
La apoptosis comprende un complejo sistema de señalización molecular que 
tiene lugar en la célula como respuesta a una serie de estímulos concretos y que 
concluyen con su muerte de una manera ordenada, programada y silenciosa. Es un 
proceso que se caracteriza por una serie de cambios bioquímicos y morfológicos  como 
son la condensación del citoplasma y la compactación de la cromatina dando lugar a la 
formación de agregados densos que se deslocalizan para situarse junto a la membrana 
nuclear. Posteriormente, sobre la cromatina actúan una serie de endonucleasas que 
cortan el ADN en una serie de fragmentos oligonucleosomales (180 pb ó múltiplos de 
éstos) (Leisty Jaattela, 2001). Durante las últimas fases de la apoptosis se originan unas 
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vesículas que tienden a unirse a la membrana plasmática adquiriendo una forma 
característica en burbujas (zeonesis). Finalmente, la célula se fragmenta en los llamados 
cuerpos apoptóticos (Wyllie, 1980).  
La gran mayoría de los cambios morfológicos observados anteriormente en las 
células infectadas por NYVAC podrían ser causados por un grupo de cisteín-proteasas 
denominadas caspasas que son activadas específicamente en las células apoptóticas. 
Todas las caspasas contienen un dominio activo cisteína-proteasa, y degradan proteínas 
cuya función es proteger a la célula de la muerte por apoptosis. Uno de estos sustratos 
es la proteína celular PARP (Poly (ADP-Ribosa) Polimerasa) (Riedly Shi, 2004).  
Por esta razón decidimos analizar el procesamiento de dicha proteína en células 
HeLa infectadas con MVA o NYVAC mediante western-blot empleando un anticuerpo 
que reconoce tanto la forma completa así como la forma procesada de PARP. 
 Como se muestra en la figura 23, a tiempos tempranos de la infección con 
NYVAC, la proteína PARP se encuentra en su forma completa, detectándose una banda 
de 116 KDa. Esta banda fue perdiendo intensidad a medida que avanzó la infección 
apareciendo un producto mayoritario de 89 KDa correspondiente a la forma procesada 
de PARP. Por el contrario, el procesamiento de PARP fue menor en la infección por 
MVA, donde tras 16 horas de infección, la banda mayoritaria de PARP fue la de 116 
KDa, correspondiente a su forma nativa. 
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Figura 23: Procesamiento de la proteína PARP durante la infección con MVA y NYVAC. El 
procesamiento de la proteína celular PARP fue analizado en células HeLa infectadas con MVA o 
NYVAC a una multiplicidad de 5 UFP/célula por western-blot. Los extractos celulares se 
recogieron a los tiempos postinfección indicados (horas) y se resolvieron por SDS-PAGE y 
transferidas a una membrana de nitrocelulosa que fue incubada con un anticuerpo específico que 
reconoce la forma completa y procesada de PARP. La expresión de actina en los distintos 
extactos celulares se utilizó como control de carga. 
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Otro de los procesos que se asocia generalmente con la inducción de apoptosis 
es la degradación del ADN de forma específica entre nucleosomas. Se han desarrollado 
diferentes métodos que permiten analizar individualmente cada célula en busca de esta 
degradación. Entre ellos destaca la utilización de colorantes fluorescentes con afinidad 
por los ácidos nucleicos como el Hoechst o el DAPI (4´6´-diamino-2-fenilindol), que 
permite identificar fácilmente alteraciones del núcleo como la condensación de la 
cromatina o la fragmentación nuclear. La figura 24 muestra una tinción con DAPI de 
células HeLa infectadas con MVA o NYVAC. La fragmentación nuclear fue evidente en 
las células infectadas con NYVAC, donde se observaron fragmentos de ADN formando 
“esferas densas nucleares”; Sin embargo esta fragmentación no se apreció durante la 
infección por MVA. 
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Figura 24: Morfología de los núcleos de células infectadas con MVA o NYVAC. Células HeLa 
sin infectar (Mock) o infectadas con MVA o NYVAC a una multiplicidad de 5 UFP/célula durante 
24 horas fueron fijadas y teñidas con el colorante DAPI y analizadas en un microscopio de 
fluorescencia. Las flechas indican las células que presentan fragmentación nuclear. 
 
 En conjunto, los resultados anteriores indican que durante la infección por NYVAC 
se induce apoptosis contrariamente a lo que ocurre en las células infectadas por MVA. 
Nuestro siguiente objetivo fue determinar de forma cuantitativa la magnitud de dicha 
apoptosis. Para ello recurrimos a la citometría de flujo analizando el ciclo celular de las 
células infectadas con las distintas cepas virales en presencia o ausencia de zVAD, un 
inhibidor general de caspasas (Figura 25). Cuando las células son teñidas con ioduro de 
propidio, los niveles de fluorescencia en las células apoptóticas son menores respecto a 
las células normales y aparecen como una subpoblación denominada sub G0. 
Atendiendo a este criterio, observamos que aproximadamente un 42% de las células 
infectadas con NYVAC se localizaban en la población SubG0, lo que representa un 
incremento significativo en el número de células apoptóticas comparado con el 17,6% 
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observado en las células infectadas con MVA o con el 9,3% observado en las células 
infectadas con WR. Este porcentaje (42%) fue hasta 7 veces superior respecto al 
obtenido en las células sin infectar (mock), utilizadas como control negativo. Además, en 
presencia del inhibidor zVAD, el porcentaje de células apoptóticas se redujo 
significativamente a los niveles basales (3,67%), lo que demuestra que la apoptosis 
inducida tras la infección con NYVAC es dependiente de la activación de caspasas. 
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Figura 25: Cuantificación de la apoptosis inducida por NYVAC por citometría de flujo. 
Monocapas de células HeLa fueron infectadas con 5 UFP/célula de WR, MVA o NYVAC en 
presencia o ausencia de zVAD (40 µM). Tras 24 horas de infección, las células fueron marcadas 
con ioduro de propidio para realizar un ensayo de ciclo celular. Como control negativo se 
utilizaron células sin infectar (Mock). Las barras representan el incremento en el número de 
células apoptóticas respecto del Mock. El porcentaje de células apoptóticas para cada condición 
se muestra en la parte superior de cada barra. 
 
 Como hemos descrito anteriormente, la activación de endonucleasas es un 
evento tardío en el proceso apoptótico. Por esta razón, decidimos analizar el efecto de 
las nucleasas sobre la integridad del ARN ribosomal en la infección con NYVAC.  
 Como se muestra en la figura 26, las bandas correspondientes a las subunidades 
28S y 18S del ARN ribosómico se encontraban intactas en las muestras 
correspondientes a las células sin infectar (mock) o a las células infectadas con WR o 
MVA. Por el contrario, si se observó degradación del ARN ribosómico en las muestras 
correspondientes a la infección por NYVAC.  Los fragmentos generados en dicha 
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degradación son similares al patrón de degradación observado tras la activación de la 
enzima ARNasa L (dato no mostrado).  
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Figura 26: Degradación del ARN ribosomal. El ARN total de células HeLa sin infectar (Mock) o 
infectadas con WR, MVA o NYVAC a 5 UFP/célula fue aislado a 18 y 24 hpi,  y 2 µg de ARN se 
fraccionó por electroforesis en geles de formaldehído-agarosa según se describe en materiales y 
métodos. Las flechas indican los productos de degradación de las subunidades 28S y 18S del 
ARN ribosómico. 
 
 En conjunto, todas estas observaciones confirman que durante la infección de 
células HeLa por NYVAC se induce una potente apoptosis. 
 
4.1.6- Determinación del gen o los genes implicados en el 
comportamiento diferencial entre las cepas MVA y NYVAC. 
 
Todos los resultados descritos hasta el momento muestran la existencia de claras 
diferencias en el comportamiento entre las cepas virales MVA y NYVAC en células en 
cultivo. Estas diferencias podrían ser debidas a las múltiples deleciones que se 
introdujeron en ambos genomas durante el curso de su atenuación. Por esta razón, 
quisimos comparar los dos genomas virales y analizar los posibles genes responsables 
del comportamiento diferencial. En la figura 27 se representan los genomas de ambos 
vectores con sus correspondientes deleciones. 
Como podemos observar, existen  5 genes ausentes en el genoma de NYVAC 
que están intactos en el de MVA: C6L, C7L, N2L, I4L y J2R. Estos genes podrían ser por 
lo tanto, los responsables del comportamiento diferencial entre las cepas MVA y NYVAC.  
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Figura 27: Análisis comparativo de los genomas de MVA y de NYVAC. En marrón se 
muestran los genes delecionados en MVA e intactos en el genoma de NYVAC, en azul las 
deleciones comunes en ambos genomas y en verde los genes inactivados en NYVAC e intactos 
en MVA. Los genes han sido nombrados según la nomenclatura correspondiente a la cepa 
Copenhagen propuesta por Goebel y cols., 1990. 
 
Entre ellos, se encuentra el gen C7L, un gen del rango de hospedador, de 
expresión temprano-tardía y necesario para la replicación del virus en células humanas. 
  
Dicho gen se encuentra altamente conservado dentro del genero Orthopoxvirus lo 
que refleja la importancia de éste gen para el virus (Figura 28) por lo que fue elegido 
para ser analizado como responsable del comportamiento diferencial entre MVA y 
NYVAC. 
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Figura 28: Secuencia de aminoácidos del gen C7L y homología con distintas especies del 
género Orthopoxvirus. 
 
4.1.6.1 Generación del recombinante NYVAC-C7L 
Para determinar el papel que podría desempeñar el gen C7L en el 
comportamiento de NYVAC, decidimos reintroducir dicho gen en su genoma. En primer 
lugar, generamos el plásmido de inserción pJR101-C7L como se describe en materiales 
y métodos. Este plásmido tiene clonado, entre los flancos del gen de la hemaglutinina 
(HA), el gen C7L del virus vaccinia bajo el control transcripcional del promotor viral 
sintético temprano/tardío y el gen marcador LacZ bajo el control del promotor viral p7.5 
en orientación opuesta. Este vector fue utilizado para generar el recombinante NYVAC-
C7L que contiene el gen C7L en el locus HA y así poder comparar el efecto que produce 
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su expresión en el comportamiento de NYVAC. La presencia del gen C7L y la pureza del 
recombinante se verificó por PCR como se muestra en la figura 29. 
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Figura 29: Análisis por PCR del gen C7L y del locus de inserción en el recombinante 
NYVAC-C7L. La presencia del gen C7L y la pureza del recombinante se analizaron por PCR 
utilizando oligonucleótidos específicos descritos en materiales y métodos. 
 
4.1.6.2.- Efecto del gen C7L sobre la traducción y replicación 
viral 
Una de las características descritas para el gen C7L es que su expresión es 
necesaria para la replicación del virus en células humanas (Perkus y cols., 1990). Por 
ello, lo primero que quisimos comprobar era si la re-introducción del gen C7L en el 
genoma de NYVAC permitía al virus replicar en células HeLa. Como vemos en la figura 
30, a diferencia de lo que ocurre en las células infectadas con NYVAC, en las células 
infectadas con NYVAC-C7L se obtuvieron altos títulos virales a lo largo del tiempo, lo 
que nos indica que el gen C7L se está expresando y es funcional. 
Con anterioridad habíamos descrito que durante la infección por NYVAC en 
condiciones no permisivas, se inducen altos niveles de fosforilación del factor de 
iniciación de la traducción eIF2α que podrían asociarse con la inhibición en la síntesis de 
determinadas proteínas tardías implicadas en la morfogénesis viral. Por lo que quisimos 
analizar la fosforilación de este factor en células infectadas con NYVAC-C7L. Como 
vemos en la figura 30, la introducción del gen C7L en el genoma de NYVAC fue capaz 
de prevenir la fosforilación de eIF2α y consecuentemente, se rescató la expresión de las 
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proteínas tardías A17 y A27, lo que estaría relacionado con la capacidad del virus 
recombinante para producir partículas infecciosas en células humanas. Resultados 
similares fueron observados en otras líneas celulares no susceptibles a la infección por 
NYVAC como las células de origen murino 3T3 o las células humanas TK -143 (datos no 
mostrados). 
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Figura 30: Efecto del gen C7L sobre la traducción y replicación viral. (A) Curva de 
crecimiento de NYVAC y NYVAC-C7L en células HeLa infectadas a una MOI de 0,01 UFP/célula. 
(B) Análisis por western blot  de la fosforilación de eIF2α y de la expresión de las proteínas virales 
tardías A17 y A27 en células HeLa sin infectar (mock)  o infectadas con WR, MVA, NYVAC o 
NYVAC-C7L a una MOI de 5 UFP/célula. 
 
En líneas celulares permisivas a la infección por NYVAC como son las células 
BHK-21, la introducción del gen C7L aumentó la capacidad replicativa del virus, 
alcanzando títulos virales similares incluso superiores a los obtenidos tras la infección 
por MVA (Figura 31). 
Figura 31: Curva de crecimiento de MVA, 
NYVAC y NYVAC-C7L en células BHK-21. 
Células BHK-21 fueron infectadas a una 
multiplicidad de infección de 0,01 
UFP/célula con los virus MVA, NYVAC o el 
recombinante NYVAC-C7L. A distintos 
tiempos se cuantificó el número de 
partículas infecciosas asociadas a las 
células por inmunotinción.  24 48 72010
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Estos resultados, por lo tanto, nos sugieren que el gen C7L juega un importante 
papel en el control de la traducción y la replicación viral. 
 
4.1.6.3 Efecto del gen C7L sobre la apoptosis durante la 
infección con NYVAC 
Otra de las características que hemos atribuido con anterioridad a la infección por 
NYVAC en células HeLa es la inducción de apoptosis. Por lo que quisimos determinar el 
efecto del gen C7L en este proceso. Como puede observarse claramente en la figura 32 
el fenotipo apoptótico observado en una gran parte de las células infectadas con 
NYVAC, estaba totalmente ausente en aquellas células infectadas con NYVAC-C7L.   
 
Mock MVA WT NYVAC C7LNYVAC WT
 
Figura 32: Efecto del gen C7L sobre la apoptosis inducida en células HeLa tras la infección 
por NYVAC. Efecto citopático de células HeLa infectadas con MVA, NYVAC o NYVAC-C7L a una 
multiplicidad de 5 UFP/célula a las 24 horas postinfección.  
 
Por otro lado, observamos que la expresión de la proteína C7 era capaz de 
prevenir el procesamiento de PARP (Figura 33-A) lo que se correlaciona con un número 
significativamente menor de células apoptóticas (Figura 33-B).  
 
Figura 33-A: Efecto del gen C7L 
sobre la apoptosis inducida en 
células HeLa tras la infección 
por NYVAC.  
(A) El procesamiento de la 
proteína celular PARP fue 
analizado en células HeLa 
infectadas con NYVAC o NYVAC-
C7L a una multiplicidad de 5 
UFP/célula por western-blot. Los extractos celulares se recogieron a los tiempos postinfección 
indicados (horas) y se resolvieron por SDS-PAGE y transferidas a una membrana de nitrocelulosa 
que fue incubada con un anticuerpo específico que reconoce la forma completa y procesada de 
PARP.  
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Figura 33-B: Efecto del gen C7L sobre la 
apoptosis inducida en células HeLa tras la 
infección por NYVAC.  
(B) Cuantificación de la apoptosis por citometría de 
flujo. Monocapas de células HeLa fueron infectadas 
con 5 UFP/célula con NYVAC o NYVAC-C7L. Tras 24 
horas de infección, las células fueron marcadas con 
ioduro de propidio para realizar un ensayo de ciclo 
celular. Como control negativo se utilizaron células 
sin infectar (Mock). Las barras representan el 
incremento en el número de células apoptóticas 
respecto del Mock. 
 
 
Finalmente, el patrón de degradación del ARN ribosomal que observábamos 
durante la infección con NYVAC no se detectó en las células infectadas con NYVAC-C7L 
(Figura 34).  
 
Figura 34: Degradación del ARN ribosomal en 
células HeLa tras la infección con NYVAC o 
NYVAC-C7L. El ARN total de células HeLa 
infectadas con NYVAC o NYVAC-C7L a 5 
UFP/célula fue aislado a 18 y 24 hpi. 2 µg de ARN 
fueron fraccionados por electroforesis en geles de 
formaldehído-agarosa según se describe en 
materiales y métodos. Las flechas indican los 
productos de degradación de las subunidades 
28S y 18S del ARN ribosómico. 
 
 
Todos estos resultados nos indican que la proteína C7 tiene propiedades 
antiapoptóticas. 
 
4.1.6.4 Comportamiento “in vivo” del recombinante NYVAC-C7L 
Una vez confirmado que el recombinante NYVAC-C7L recupera la capacidad 
replicativa en células en cultivo de origen humano y murino. Nuestro siguiente objetivo 
fue comprobar si este virus era también capaz de replicar “in vivo”. Para ello, inoculamos 
por ruta intraperitoneal ratones BALB/c con una dosis de 2 x 107 UFP/ratón de NYVAC o 
NYVAC-C7L. A distintos tiempos postinoculación (18, 24 y 48 horas) los animales fueron 
28S rRNA
18S rRNA
18 24
NYVAC
18 24
NYVAC-C7L
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sacrificados y se extrajeron distintos órganos en los que se cuantificó la cantidad de virus 
presente como un parámetro indicativo de la capacidad de replicación y diseminación 
viral. 
Como vemos en la figura 35, no fuimos capaces de detectar partículas infecciosas 
en ningún órgano procedente de los animales inmunizados con NYVAC lo que se 
correlaciona con un aclaramiento total de la infección a los tiempos analizados. Sin 
embargo, tras la inoculación de NYVAC-C7L sí se detectó un incremento en el número 
de partículas infecciosas a lo largo del tiempo en ovarios e hígado, lo que nos indica que 
la introducción del gen C7L en el genoma de NYVAC incrementa también la eficiencia de 
replicación “in vivo”. No obstante, hay que destacar que los títulos virales fueron menores 
a los obtenidos con la cepa competente en replicación VACV-WR.  
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Figura 35: Replicación “in vivo” de NYVAC y NYVAC-C7L en diferentes tejidos de ratón. 
Ratones BALB/c fueron inoculados con una dosis de 2 x 107 PFU/ratón de NYVAC o NYVAC-
C7L. A distintos tiempos postinoculación, se analizó el número de partículas infecciosas 
presentes en los distintos tejidos (nódulos linfáticos, ovarios, bazo e hígado). Como control 
positivo se utilizó la cepa competente en replicación VACV-WR. En las gráficas se muestran los 
valores obtenidos en cada tejido representados como el número de partículas infecciosas por 
mg de proteína junto con la desviación estándar. 
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Ante estos últimos resultados nos planteamos determinar qué efecto podría tener 
la inserción del gen C7L sobre la patogenicidad del virus en el modelo de ratón. Para 
ello, se inocularon ratones BALB/c por ruta intranasal con una dosis letal (106 UFP/ratón) 
del virus competente en replicación VACV-WR o con una dosis hasta 100 veces superior 
de NYVAC o NYVAC-C7L, realizándose un seguimiento diario del aspecto y la pérdida 
de peso de los ratones con el fin de determinar signos visibles de enfermedad.  
Como se observa en la figura 36, todos los ratones inoculados con la cepa VACV-
WR experimentaron una progresiva pérdida de peso y claros signos de enfermedad 
(dato no mostrado) a partir del cuarto día, teniendo que ser sacrificados a día 7 por 
razones éticas. Sin embargo, ninguno de los ratones vacunados con NYVAC o NYVAC-
C7L presentaron ni pérdida de peso ni signos de enfermedad a lo largo del tiempo.  
Este resultado nos sugiere que a pesar de su capacidad para replicar en el ratón, 
NYVAC-C7L mantiene el fenotipo atenuado “in vivo”, lo que le convierte en un posible 
candidato a vector vacunal con mayor capacidad replicativa que el vector parental 
NYVAC. 
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Figura 36: Patogenicidad de NYVAC-C7L en ratones BALB/c. Ratones BALB/c fueron 
inoculados por ruta intranasal con una dosis de 108 UFP/ratón de NYVAC o NYVAC-C7L o con 
una dosis de 106 UFP/ratón de WR. El peso de los ratones fue monitorizado diariamente 
representándose la media de la pérdida de peso obtenida en cada grupo. 
 
En conjunto, todos estos resultados demuestran que el gen C7L posee 
propiedades antiapoptóticas y desempeña un papel importante en el control de la 
síntesis de proteínas virales ya que su reintroducción en el genoma de NYVAC recupera 
la capacidad para replicar tanto “in vitro” como “in vivo” sin afectar a la virulencia del 
vector. Debido a estas propiedades descritas para el gen C7L, se ha solicitado una 
patente.
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4.2- ESTUDIO COMPARATIVO DEL COMPORTAMIENTO 
“IN VIVO” DE RECOMBINANTES BASADOS EN LAS 
CEPAS MVA Y NYVAC 
 
Tanto MVA como NYVAC han demostrado ser vectores vacunales seguros y 
altamente inmunogénicos en ensayos preclínicos y clínicos. Sin embargo, poco se sabe 
todavía sobre su comportamiento diferencial “in vivo”. Por esta razón, y teniendo en 
cuenta las diferencias observadas entre ambas cepas en células en cultivo, decidimos 
realizar un estudio comparativo de la distribución de MVA y NYVAC en el modelo murino 
empleando diferentes rutas de inoculación.  
Para cumplimentar este objetivo hemos recurrido a la técnica de bioluminiscencia 
(BLI) que ofrece la posibilidad de estudiar procesos biológicos en organismos vivos. Esta 
técnica está basada en la detección de luz visible emitida tras la descarboxilación 
oxidativa de la luciferina, una reacción que es catalizada por la enzima luciferasa en 
presencia de ATP y oxígeno (Sadikoty Blackwell, 2005). Esta tecnología se ha aplicado 
en numerosos estudios para monitorizar la expresión de un determinado gen utilizado en 
terapia génica o para analizar el crecimiento tumoral y la producción de metástasis 
(Doyle y cols., 2004; Edinger y cols., 1999; Ray y cols., 2004). Además, nos permite 
cuantificar en un mismo animal la progresión de la infección viral en el espacio y en el 
tiempo, identificando las variaciones en replicación y diseminación del virus (Hutchensy 
Luker, 2007).  
En este estudio hemos utilizado poxvirus recombinantes basados en las cepas 
WR, MVA y NYVAC que expresan la proteína luciferasa como gen reportero. Los virus 
WRluc y MVAluc ya habían sido generados y caracterizados previamente en el 
laboratorio (Ramirez y cols., 2000; Rodriguez y cols., 1988) mientras que NYVACluc fue 
generado para la realización de este trabajo según se describe en materiales y métodos. 
El gen de la luciferasa en los tres virus se encuentra insertado en el locus de la timidina 
quinasa (TK) y su expresión está bajo el control transcripcional del promotor viral 
sintético temprano-tardío (pE/L). 
 
4.2.1- Biodistribución de MVA y NYVAC por ruta sistémica 
 
Para visualizar la diseminación “in vivo” de MVA y NYVAC por ruta sistémica, 
ratones BALB/c fueron inoculados con una dosis de 1 x 107 UFP/animal de los virus 
atenuados MVAluc o NYVACluc o con una dosis 10 veces inferior del virus competente 
en replicación (WRluc) por las siguientes rutas: Intraperitoneal (i.p.), intramuscular (i.m.) 
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y mediante escarificación en la base de la cola (e.c.). La medida de bioluminiscencia se 
analizó diariamente según se describe en materiales y métodos y la progresión de la 
infección se monitorizó hasta la desaparición de la señal. La distribución y la intensidad 
relativa de la emisión de luz se utilizaron para determinar los sitios de infección y 
cuantificar las cantidades relativas del gen reportero (ya que la luciferasa sólo se 
detectará si hay expresión de genes virales). De esta forma, se obtuvieron imágenes 
seriadas de los animales y se determinó la media del flujo de fotones correspondiente al 
pico de la señal. En los animales sin infectar, utilizados como control negativo, la señal 
de bioluminiscencia se mantuvo por debajo de los niveles basales. Además, también se 
cuantificaron los incrementos relativos en la cantidad de bioluminiscencia en la región de 
interés producidos en respuesta a la infección por las distintas cepas del virus vaccinia. 
 
4.2.1.1. Ruta intraperitoneal 
En aquellos animales inoculados por ruta intraperitoneal con MVAluc o 
NYVACluc, la emisión de luz se restringió a la región abdominal (Figura 37-A), 
demostrando que la diseminación de estos virus va más allá del sitio de inoculación. Esta 
diseminación fue más evidente en aquellos animales inoculados con WRluc, donde el 
virus se propagó extensivamente por todo el ratón y la expresión de luciferasa se 
mantuvo por un tiempo superior a los 4 días. Los mayores niveles de expresión de 
luciferasa en los animales que recibieron los virus atenuados se detectaron un día 
después de su inoculación. Sin embargo, mientras que en los animales inmunizados con 
MVAluc la señal disminuyó drásticamente a día 2 y no se detectó actividad luciferasa a 
tiempos posteriores, en los animales infectados con NYVACluc la señal se mantuvo a 
niveles detectables hasta día 3. 
 Estos resultados fueron confirmados cuantificando el flujo de fotones en la región 
de interés (Figura 37-B). Para WRluc los niveles de luciferasa se incrementaron en 5 
logaritmos respecto al mock en los distintos tiempos ensayados mientras que para 
NYVACluc o MVAluc, los niveles se incrementaron 74 y 16 veces, respectivamente a día 
1 y 15 y 2,5 veces, respectivamente a día 2.  
 
Figura 3.27-A: Distribución de WRluc, MVAluc y NYVACluc en ratones inoculados por ruta 
intraperitoneal. (A) Localización de la señal de luciferasa en ratones BALB/c inoculados por ruta 
intraperitoneal con WRluc, MVAluc o NYVACluc a distintos tiempos postinfección. En la esquina 
superior derecha se muestra la señal procedente de los ratones inoculados con PBS (CTRL) (B) 
Cuantificación de la emisión de fotones a lo largo del tiempo en la región de interés (RI) tras la 
inoculación por ruta intraperitoneal con WRluc, MVAluc o NYVACluc. En la gráfica se representan 
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los valores obtenidos a lo largo del tiempo (días) junto con la desviación estándar. La línea 
horizontal representa el nivel basal de luminiscencia. 
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4.2.1.2. Ruta intramuscular 
Para la inmunización de candidatos vacunales basados en poxvirus y ADN 
desnudo en ensayos clínicos, la ruta utilizada por excelencia es la intramuscular (i.m.) ya 
que por esta ruta se minimizan las reacciones secundarias asociadas a la inyección. Por 
esta razón es una vía de elección frente a otras como la ruta subcutánea o intradérmica. 
Cuando inoculamos los animales intramuscularmente con los diferentes virus 
observamos que la señal de luciferasa se restringe principalmente al sitio de inoculación 
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(Figura 38-A). La cuantificación de la emisión de fotones de luz en la región de interés 
muestra que los niveles de luciferasa en el sitio de inoculación disminuyeron a lo largo 
del tiempo con los vectores MVAluc y NYVACluc al contrario de lo que ocurría en los 
animales inmunizados con WRluc en los que se mantenía a lo largo del tiempo (Figura 
38-B). Además, mientras que a día 1 las dos cepas atenuadas indujeron niveles 
similares de luciferasa, a día 2 se observaron diferencias entre ambos vectores. 
NYVACluc indujo valores 100 veces superiores al valor basal detectado en los ratones 
inoculados con PBS, mientras que con MVAluc los niveles sólo aumentaron 4 veces. 
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Figura 38: Distribución de MVAluc y NYVACluc en ratones inoculados por ruta 
intramuscular. (A) Localización de la señal de luciferasa en ratones BALB/c inoculados por ruta 
intramuscular con MVAluc o NYVACluc a distintos tiempos postinfección. En la esquina superior 
derecha se muestra la señal procedente de los ratones inoculados con PBS (CTRL) (B) 
Cuantificación de la emisión de fotones a lo largo del tiempo en la región de interés (RI) tras la 
inoculación por ruta intramuscular con WRluc, MVAluc o NYVACluc. En la gráfica se representan 
los valores obtenidos a lo largo del tiempo (días) junto con la desviación estándar. La línea 
horizontal representa el nivel basal de luminiscencia. 
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4.2.1.3. Ruta de escarificación en la base de la cola 
La ruta de escarificación fue una de las vías más utilizadas para la vacunación 
frente a viruela durante la campaña de erradicación. Por esta ruta, la expresión de 
luciferasa en los animales inoculados con los recombinantes atenuados fue muy baja y 
restringida al sitio de inoculación. Por el contrario, en los animales que recibieron WRluc, 
la señal incrementó gradualmente durante la infección extendiéndose por todo el animal, 
un claro indicador de la diseminación del virus (Figura 39-A). En la figura 39-B podemos 
ver la cuantificación de la emisión de fotones a través de dicha ruta. En aquellos 
animales animales inoculados con WRluc los valores aumentaron en más de 5 
logaritmos los niveles basales obtenidos en los ratones inoculados con PBS. Por el 
contrario, sólo en los ratones inoculados con NYVACluc se obtuvieron valores por 
encima del control aunque estos no fueron significativamente superiores a los obtenidos 
con MVAluc. 
 
 
 
Figura 39-A: Distribución de WRluc, MVAluc y NYVACluc en ratones inoculados por  
escarificación en la base de la cola. 
 A) Localización de la señal de luciferasa en ratones BALB/c inoculados mediante escarificación 
en la base de la cola con WRluc, MVAluc o NYVACluc a distintos tiempos postinfección. En la 
esquina superior derecha se muestra la señal procedente de los ratones inoculados con PBS 
(CTRL)  
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Figura 39-B: Distribución de 
WRluc, MVAluc y NYVACluc 
en ratones inoculados 
mediante escarificación en 
la base de la cola.  
(B) Cuantificación de la 
emisión de fotones a lo largo 
del tiempo en la región de 
interés (RI) tras la inoculación 
por escarificación en la base 
de la cola con WRluc, MVAluc 
o NYVACluc. En la gráfica se 
representan los valores 
obtenidos a lo largo del 
tiempo (días) junto con la desviación estándar. La línea horizontal representa el nivel basal de 
luminiscencia. 
 
Los resultados anteriores nos indican que existen diferencias en los niveles de 
emisión de luciferasa a partir de las 24 horas postinfección entre MVAluc y NYVACluc. 
Sin embargo, nos propusimos definir la cinética de expresión de luciferasa a tiempos 
más tempranos. Para ello, cuantificamos la actividad enzimática en extractos de tejidos 
de ratones inoculados por ruta intraperitoneal, ya que fue la ruta más efectiva en cuanto 
a la diseminación de los virus atenuados. Diferentes grupos de animales fueron 
inoculados con una dosis de 1 x 107 UFP por ratón de los tres virus recombinantes. A 
distintos tiempos postinoculación (4, 6, 18, 24 y 48 hpi) se recogieron las células del 
peritoneo, el bazo, los ganglios y los ovarios de los ratones inmunizados tal y como se 
describe en materiales y métodos. Los tejidos de cada ratón fueron homogeneizados y 
se midió la actividad luciferasa, expresada como unidades relativas de luciferasa (URL) 
por mg de proteína.  
Como muestra la figura 40, los niveles de luciferasa en los extractos celulares del 
peritoneo, de los ovarios y los nódulos linfáticos de los animales inoculados con MVAluc 
fueron entre 5 y 10 veces mayores respecto a los detectados en los tejidos de los 
ratones inmunizados con NYVACluc a las 4 horas postinfección; sin embargo, en el 
bazo, los niveles fueron similares. Estos niveles fueron comparables a las 6 horas, y 
disminuyeron a lo largo del tiempo, alcanzando los niveles basales a las 48 horas. Por el 
contrario, a este tiempo, los niveles de luciferasa en los tejidos de ratones inoculados 
con WRluc fueron entre 2 y 4 logaritmos mayores que en aquellos que recibieron MVAluc 
o NYVACluc. Estos resultados coinciden con los descritos previamente (Ramirez y cols., 
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2000) e indican una mayor eficiencia de expresión génica “in vivo” de MVA respecto a 
NYVAC a tiempos tempranos. 
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Figura 40: Determinación de los niveles de luciferasa a lo largo del tiempo en distintos tejidos de 
animales inoculados con WRluc, MVAluc o NYVACluc por ruta intraperitoneal. En las gráficas se 
muestran los valores obtenidos junto con las desviaciones estándar. La región sombreada 
representa los valores de actividad luciferasa en los tejidos de animales inoculados con PBS. 
 
Para confirmar que la ausencia de bioluminiscencia a tiempos tardíos se debía a 
un aclaramiento del virus, cuantificamos los títulos virales a las 24 y 48 horas 
postinfección en los distintos órganos de los animales inmunizados. Al contrario de lo 
que ocurre durante la infección con WRluc, no se encontraron partículas infecciosas en 
las muestras procedentes de los ratones inmunizados con MVAluc o NYVACluc (datos 
no mostrados).  
 
4.2.2- Biodistribución de MVA y NYVAC  por ruta de mucosas 
 
 A continuación, analizamos el patrón de expresión de luciferasa en ratones 
BALB/c inoculados con los distintos recombinantes por las siguientes rutas de mucosas: 
intrarrectal (i.r.) e intranasal (i.n.). Por ruta intrarrectal apenas se detectó señal de 
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bioluminiscencia tras la inoculación de las cepas atenuadas MVAluc y NYVACluc a los 
tiempos estudiados (datos no mostrados). 
 
4.2.2.1 Ruta intranasal 
Por ruta intranasal la expresión de luciferasa en los animales inmunizados con 
MVAluc o NYVACluc fue transitoria y restringida a los pulmones, mientras que en los 
ratones inoculados con WRluc la bioluminiscencia se detectó en la nariz y pecho de los 
animales y se incrementó con el tiempo. Esto sugiere una distribución del virus dentro 
del tracto respiratorio que afecta a tráquea y pulmones y que su diseminación llega 
incluso hasta cerebro. A ninguno de los tiempos analizados no se detectó diseminación 
del virus hacia órganos sistémicos (Figura 41-A). La cuantificación del flujo de fotones en 
la región de interés reveló que la expresión de luciferasa por los dos vectores atenuados 
fue baja y más duradera en los animales inoculados con NYVACluc respecto a los 
inoculados con MVAluc (figura 41-B). 
 
 
Figura 41-A: Distribución de WRluc, MVAluc y NYVACluc en ratones inoculados por ruta 
intranasal.  
(A) Localización de la señal de luciferasa en ratones BALB/c inoculados por ruta intranasal con 
WRluc, MVAluc o NYVACluc a distintos tiempos postinfección. En la esquina superior derecha se 
muestra la señal procedente de los ratones inoculados con PBS (CTRL) representa el nivel basal 
de luminiscencia. 
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Figura 41-B: Distribución de WRluc, MVAluc y NYVACluc en ratones inoculados por ruta 
intranasal.  
(B) Cuantificación de la emisión de fotones a lo largo del tiempo en la región de interés (RI) tras la 
inoculación por ruta intranasal con WRluc, MVAluc o NYVACluc. En la gráfica se representan los 
valores obtenidos a lo largo del tiempo (días) junto con la desviación estándar. La línea horizontal 
representa el nivel basal de bioluminiscencia. 
 
Todos estos resultados nos indican que existen diferencias en el comportamiento 
“in vivo” entre las cepas MVA y NYVAC y que dichas diferencias afectan tanto a los 
niveles de expresión del gen reportero como a su permanencia dentro del animal. En la 
mayoría de las rutas analizadas, en los ratones inoculados con MVAluc la expresión de 
luciferasa se limita a las 24 primeras horas mientras que con NYVAC la señal permanece 
hasta las 72 horas postinoculación. Estos resultados podrían tener una gran relevancia 
cuando estos vectores se utilicen como vacunas recombinantes.   
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3.3- CARACTERIZACIÓN DE LA INMUNOGENICIDAD 
INDUCIDA POR RECOMBINANTES BASADOS EN LAS 
CEPAS ATENUADAS MVA Y NYVAC QUE EXPRESAN 
ANTÍGENOS DE VIH-1 EN EL MODELO MURINO. 
 
Como hemos descrito anteriormente, la principal aplicación de las cepas MVA y 
NYVAC es su utilización como vectores vacunales. En este sentido, nuestro laboratorio 
participa en un proyecto europeo denominado Eurovac (European Vaccine Effort Against 
HIV/AIDS) cuyo objetivo principal es desarrollar y analizar la seguridad y eficacia de 
varios candidatos vacunales frente a VIH-1 basados en cepas atenuadas de poxvirus 
(www.eurovacc.org). Este proyecto se basa en las propiedades que presentan los 
poxvirus como candidatos vacunales y más específicamente las cepas atenuadas MVA y 
NYVAC. 
En el laboratorio se han generado dos virus recombinantes derivados de la cepa 
MVA. Uno de ellos, al que se denominó MVA-B, expresa 4 genes de VIH-1 (env, gag, pol 
y nef) procedentes de dos aislados europeos, Bx08 y IIIB (subtipo B). El otro, 
denominado MVA-C, contiene los mismos 4 antígenos pero procedentes del aislado 
asiático CN54 (subtipo C). Estos dos vectores son homólogos a los generados por la 
empresa Sanofi-Aventis sobre la cepa NYVAC y que han sido referidos como NYVAC-B 
y NYVAC-C.  
Todos los virus recombinantes tienen insertados dentro de un mismo locus viral 
(timidina quinasa, TK) los genes de VIH-1 que codifican para la proteína gp120 y para la 
poliproteína de fusión Gag-Pol-Nef. Ambos antígenos se encuentran bajo el control 
transcripcional del promotor viral sintético temprano-tardío pE/L y han sido optimizados 
con el objetivo de eliminar regiones antigénicas no deseadas, así como para mejorar su 
expresión en células humanas. Por razones de seguridad y con el fin de ensayar estos 
vectores en fase clínica, los recombinantes se han generado de tal forma que el 
marcador de selección se pierde después de los primeros pases de purificación, 
mediante un proceso de recombinación homóloga entre el flanco izquierdo del gen viral 
TK y una repetición del mismo.   
La expresión y estabilidad del inserto y la pureza de los diferentes virus 
recombinantes han sido analizadas en varios experimentos llevados a cabo en células 
en cultivo, verificándose que los cuatro vectores (MVA-B, NYVAC-B, MVA-C y NYVAC-
C) son genéticamente estables y expresan correctamente los cuatro antígenos del VIH-1, 
la gp120 como un producto que se libera al sobrenadante y Gag-Pol-Nef (GPN) como 
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una poliproteína intracelular. Además, también hemos demostrado que todos ellos 
mantienen las características propias de la cepa parental a partir de la cual fueron 
generados y que han sido descritas en apartados anteriores (Gomez y cols., 2007a; 
Gomez y cols., 2007b; Nájera y cols., 2006) ver anexo).  
Para facilitar la lectura de este trabajo, sólo se mostrarán algunos de los 
resultados obtenidos con los recombinantes MVA-B y NYVAC-B. El resto de los datos, 
incluidos aquellos correspondientes a los recombinantes del subtipo C, pueden ser 
consultados en el anexo 1 (Gómez y cols., 2007a, 2007b). 
Una vez generados los recombinantes, nos propusimos comparar la respuesta 
inmunológica inducida por estos nuevos candidatos vacunales tras su inoculación en 
animales.  
 
4.3.1- Caracterización de la inmunogenicidad de MVA-B y   
NYVAC-B en ratones BALB/c 
 
Como se ha explicado en la introducción, trabajos previos, entre los que se 
encuentran algunos de nuestro laboratorio, indican que el protocolo de inmunización 
denominado “prime-boost” es una de las estrategias más efectivas para inducir una 
potente respuesta inmune frente a antígenos de VIH (Amara y cols., 2001; del Real y 
cols., 1998; Gherardi y cols., 2003; Hanke y cols., 1998; Kenty Lewis, 1998). Este 
protocolo consiste en una primera inmunización con ADN recombinante (“priming”), 
seguido de una segunda inoculación  con una dosis de un poxvirus recombinante que 
expresa el mismo antígeno (“booster”).  
En primer lugar, diseñamos un experimento para comparar la respuesta inmune 
generada en ratones inoculados con ADN-B, seguido de una segunda dosis con MVA-B 
o NYVAC-B, respecto a otro grupo de animales que recibieron dos dosis del vector de 
ADN. Para ello, grupos de ratones BALB/c fueron inmunizados con 100 µg de ADN-B por 
vía intramuscular (i.m.). Dos semanas más tarde los animales recibieron una segunda 
inyección con la misma dosis de ADN-B por ruta i.m. o con una dosis de 2 x 107 
UFP/ratón de MVA-B o NYVAC-B por vía intraperitoneal (i.p.). Como controles se 
utilizaron grupos de ratones inmunizados con el mismo protocolo pero utilizando los 
vectores parentales, que no expresan los antígenos de VIH (ADN-φ , MVA-WT o NYVAC-
WT). Diez días después de la última inmunización, se determinó el número de células 
secretoras de IFN-γ en los cultivos de esplenocitos mediante el ensayo de ELISPOT 
empleando mezclas (“pooles”) de péptidos solapantes que cubren todas las regiones 
antigénicas de las proteínas de VIH-1 expresadas desde los distintos vectores. Para 
simplificar utilizaremos el nombre inglés “pool” para referirnos a la mezcla de péptidos. El 
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número de spots obtenidos frente al pool de péptidos control (CTRL) se sustrajo en todos 
los casos. 
Como se observa en la figura 42 los animales que recibieron MVA-B o NYVAC-B 
en la segunda inmunización (grupos 1 y 2) desarrollaron una mayor respuesta inmune 
celular frente a los antígenos de VIH que el grupo que recibió dos dosis de ADN-B (grupo 
3) o los grupos control (grupos 4 y 5). La magnitud total de la respuesta frente a VIH 
respecto del grupo ADN-B/ADN-B, fue casi 10 veces superior en el grupo ADN-
B/NYVAC-B y más de 5 veces en los animales inmunizados con ADN-B/MVA-B, lo que 
demuestra la eficacia de los poxvirus como potenciadores de la respuesta primaria.  
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Figura 42: Inmunogenicidad de MVA-B y NYVAC-B después del protocolo de inmunización 
de prime-boost (ADN/Pox) en ratones BALB/c. La respuesta inmune celular específica frente a 
los antígenos de VIH en los animales inmunizados se determinó mediante la técnica de ELISPOT 
según se describe en materiales y métodos. En la figura se muestra el número de células 
secretoras de IFN-γ específicas frente a todos los antígenos de VIH-1 incluidos en los vectores así 
como la respuesta específica para cada péptido y el número de pooles positivos respecto al 
péptido control dentro de cada grupo. En la parte superior de cada barra se muestra la magnitud 
total de la respuesta anti-VIH. * representa diferencias significativas entre los diferentes grupos 
(*p<0,05; **p<0.005).  
Caracterización MVA y NYVAC 
 98
Si analizamos en detalle la respuesta específica frente a cada mezcla de 
péptidos, podemos observar que los pooles de péptidos Gag-1, Env-1, Env-2, GPN-1, 
GPN-3 y GPN-4 fueron los más inmunogénicos. Por el contrario, el pool Gag-2 apenas 
fue reconocido, y el pool GPN-2 no estimuló una respuesta celular específica. Estos 
resultados nos indican una gran dispersión de la respuesta hacia todos los antígenos de 
VIH-1 en los animales inmunizados con los poxvirus recombinantes. Si definimos la 
amplitud de la respuesta antígeno-específica como el número de pooles de péptidos 
positivos para cada grupo, observamos que en los grupos que recibieron una segunda 
dosis de MVA-B o NYVAC-B (grupos 1 y 2) la amplitud de la respuesta es idéntica (7 
pooles positivos). Sin embargo, en el grupo de animales que recibió dos dosis de ADN-B 
(grupo 3) sólo fueron reconocidos 4 de los 8 pooles.  
Debido a que la proteína gp120 expresada por nuestros vectores se secreta al 
medio extracelular, quisimos analizar la respuesta humoral anti-gp120 generada en los 
diferentes grupos de animales inmunizados mediante ELISA. Como puede observarse 
en la figura 43, sólo los animales que recibieron una segunda dosis de MVA-B o NYVAC-
B (grupos 1 y 2) fueron capaces de producir anticuerpos específicos frente a la proteína 
gp160 del aislado LAV del subtipo B del VIH-1.Con estos resultados, por lo tanto, 
podemos concluir que MVA-B y NYVAC-B, además de generar una potente respuesta 
inmune celular, son capaces de producir una respuesta de anticuerpos específicos frente 
al antígeno de la envuelta del VIH. 
 
Figura 43: Respuesta humoral 
frente a la envuelta de VIH-1. 
Los niveles específicos de IgG 
total frente a la proteína gp160 
de VIH (LAV) presentes en los 
sueros de los ratones 
inmunizados se determinaron 
mediante ELISA como se 
describe en materiales y 
métodos. Cada símbolo 
corresponde a los valores de 
absorbancia (medidos a 450 
nm) de una dilucción 1:50 de 
los sueros individualizados. La 
barra (-) representa la media de 
los valores obtenidos en cada 
grupo. 
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4.3.2- Caracterización de la inmunogenicidad de MVA-B y 
NYVAC-B en ratones humanizados HHD. 
 
 Como hemos descrito anteriormente, los antígenos env, gag, pol y nef, incluidos 
en nuestros vectores (plasmídicos y virales), han sido optimizados en sus codones para 
mejorar la presentación por moléculas de HLA de clase I humanas. Por esta razón, 
decidimos analizar la respuesta inmunológica que inducen los recombinantes MVA-B y 
NYVAC-B en ratones transgénicos HHD, que solamente disponen de la quimera humana 
HLA-A2.1 como molécula de histocompatibilidad de clase I (Pascolo y cols., 1997). 
De este modo, tres grupos de ratones HHD fueron inmunizados con 100 µg de 
ADN-B o ADN-φ por ruta intramuscular. Dos semanas más tarde los animales recibieron 
una segunda inmunización con una dosis de 2 x 107 UFP/ratón de MVA-B, NYVAC-B o 
MVA-WT por ruta intraperitoneal. La respuesta inmune celular antígeno-específica se 
determinó 10 días después de la última inmunización mediante el ensayo de ELISPOT 
empleando los pooles de péptidos de VIH del subtipo B. El número de spots obtenidos 
frente al grupo de péptidos control (CTRL) se sustrajo en todos los casos. 
Como muestra la figura 44, los animales que recibieron MVA-B o NYVAC-B en la 
segunda inmunización desarrollaron una respuesta inmune específica frente a los 
antígenos de VIH-1 en comparación con el grupo control (ADN-φ/MVA-WT) siendo la 
magnitud total y la amplitud de la respuesta similar en ambos grupos. Curiosamente, en 
este modelo de ratón se observó una inmunodominancia hacia los pooles que cubren la 
envuelta de VIH-1, siendo Env-1 y Env-2 más inmunogénicos que Gag1, Gag2 o GPN-1 
(p<0.05). Sin embargo, los pooles GPN-2, GPN-3 y GPN-4 no fueron capaces de 
estimular una respuesta específica en ninguno de los dos grupos.  
 
En numerosos trabajos se ha descrito que la utilización de poxvirus 
recombinantes frente a diferentes patógenos induce mayoritariamente una polarización 
de la respuesta hacia un subtipo Th1 (Gherardi y cols., 2003; Gomez y cols., 2001; 
Perez-Jimenez y cols., 2006). Debido a que el balance Th1-Th2 de la respuesta inmune 
puede ser crítico a la hora de controlar la infección por VIH decidimos determinar el perfil 
de citoquinas secretadas en los animales inmunizados. Para ello, estimulamos “in vitro” 
los esplenocitos de los animales inoculados con los distintos pooles de péptidos de los 
antígenos de VIH del subtipo B. Tres días después de esta estimulación, recogimos los 
sobrenadantes del cultivo y cuantificamos los niveles de IFN-γ (Th1) e IL-10 (Th2) 
secretados mediante ELISA.  
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Figura 44: Respuesta inmune específica de células T productoras de IFN-γ frente a pooles 
de péptidos del clade B en ratones humanizados HHD. La respuesta inmune celular específica 
frente a los antígenos de VIH-1 en los animales inmunizados se determinó mediante la técnica de 
ELISPOT según se describe en materiales y métodos. En la figura se muestra el número de 
células secretoras de IFN-γ específicas frente a todos los antígenos de VIH-1 incluidos en los 
vectores así como la respuesta específica para cada péptido y el número de pooles positivos 
respecto al péptido control dentro de cada grupo. En la parte superior de cada barra se muestra la 
magnitud total de la respuesta anti-VIH. * representa diferencias significativas entre los diferentes 
grupos (**p<0.005).  
 
Como muestra la tabla IX, los esplenocitos de los animales inmunizados con 
ADN-B seguido de los vectores virales recombinantes (MVA-B o NYVAC-B) mostraron 
unos niveles altos de IFN-γ frente a los diferentes pooles de VIH. Por el contrario, los 
niveles de IL-10 fueron significativamente más bajos. Estos resultados coinciden con la 
respuesta observada en el ensayo de ELISPOT y sugieren que la respuesta inmune 
inducida como una medida del ratio IFN-γ/IL-10 es del tipo Th1.  
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Tabla IX: Producción de citoquinas (pg/ml) por los esplenocitos de ratones inmunizados en 
régimen combinado ADN/pox. Ratones HHD fueron inmunizados como se describe en 
materiales y métodos, 10 días después de la última dosis, las células del bazo fueron extraídas y 
estimuladas “in vitro” con los pooles de péptidos que cubren los antígenos de VIH e incubados 
durante 72 horas a 37 ºC. Pasado este tiempo, se recogieron los sobrenadantes y se 
determinaron los niveles de citoquinas mediante ELISA. 
 
Se ha descrito que las β-quimioquinas como MIP-1β o RANTES pueden suprimir 
la replicación del VIH in vitro impidiendo la entrada del virus a través de su interacción 
con el co-receptor CCR5 (Eccleston, 1997). Por este motivo, nos pareció interesante 
cuantificar los niveles de estas dos quimioquinas en los sobrenadantes de cultivos 
celulares descritos anteriormente. Los niveles totales de RANTES y MIP-1β fueron más 
altos en aquellos animales que recibieron una segunda dosis de MVA-B (grupo 1) 
respecto a los que recibieron NYVAC-B  (grupo 2). Los niveles más altos de β-
quimioquinas fueron secretados frente a los pooles de péptidos que cubren la proteína 
de la envuelta gp120 de VIH (Env-1 y Env-2) coincidiendo con los resultados obtenidos 
en el ELISPOT (tabla X). 
 
 
 
 
 
 
 
 
 
Tabla X: Producción de β-quimioquinas (pg/ml) por los esplenocitos de ratones 
inmunizados en régimen combinado ADN/pox. Se analizó los niveles de β-quimioquinas 
mediante ELISA en sobrenadantes de las células del bazo estimuladas “in vitro” con los pooles de 
péptidos que cubren los antígenos de VIH e incubados durante 72 horas a 37 ºC.  
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 Por último, determinamos los niveles de anticuerpos en el suero de los ratones 
inmunizados frente a la proteína gp160 de VIH-1 LAV (Subtipo B). Se observó un 
incremento de hasta 5 veces en la producción de anticuerpos anti-gp160 cuando se 
utilizó NYVAC-B en el booster respecto al grupo control. Por el contrario, los niveles 
observados tras la inmunización con MVA-B tan sólo fueron 2,5 veces superiores (datos 
no mostrados). 
 
4.3.3- Caracterización de la inmunogenicidad de MVA-B y 
NYVAC-B en un protocolo de inmunización de prime/boost 
heterólogo en ratones humanizados HHD. 
 
En los experimentos anteriores hemos demostrado que el protocolo de 
inmunización ADN/pox es capaz de estimular una potente respuesta inmune celular 
frente a determinados grupos de péptidos de VIH, siendo aquellos “pooles” que cubren la 
proteína gp120 (Env-1 y Env-2) los más inmunodominantes.  
Para determinar si era posible mejorar la amplitud de la respuesta antígeno-
específica, desarrollamos un protocolo de inmunización donde combinamos los dos 
vectores virales recombinantes. De esta forma, ratones transgénicos HHD fueron 
inoculados con una dosis de 2 x 107 UFP/ratón de MVA-B o NYVAC-B por ruta 
intraperitoneal. A los 15 días se les administró una segunda dosis (2 x 107 UFP/ratón) 
con el virus recombinante homólogo o heterólogo. La respuesta inmune fue evaluada 10 
días después de la última inoculación mediante un ensayo de ELISPOT empleando los 
pooles de péptidos de VIH-1 del subtipo B.  
Como muestra la figura 45, los protocolos de inmunización donde se combinan 
los recombinantes MVA-B y NYVAC-B de forma heteróloga (grupos 1 y 2) u homóloga 
(grupos 3 y 4) indujeron una estimulación significativa (p<0,05) de las células T del bazo 
en respuesta específica a determinados antígenos de VIH (Gag-1, Env-1, Env-2 y GPN-
2) en comparación con los animales inmunizados con la combinación de los vectores 
parentales (grupo 5). Sin embargo, se observaron algunas diferencias entre los distintos 
grupos. En los ratones inmunizados con el protocolo MVA-B/NYVAC-B (grupo 1) no hubo 
reconocimiento de los pooles Gag-2 y GPN-3, mientras que en el resto de grupos estos 
pooles si activaron la secreción de IFN-γ. Por otro lado, la combinación NYVAC-B/MVA-B 
(grupo 2), indujo una respuesta específica frente a los pooles GPN-1 y GPN-4 que no fue 
observada en ninguna otra combinación. 
La amplitud y la magnitud total de la respuesta frente a VIH fue muy similar en 
aquellos animales que recibieron dos inmunizaciones con el mismo vector (grupos 3 y 4). 
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Ambos parámetros se incrementaron, aunque no significativamente (p>0.05), cuando los 
ratones fueron inmunizados con NYVAC-B seguido de una dosis de MVA-B (grupo 2). 
Este grupo, a diferencia de los grupos 3 y 4 que reconocieron 6 de los 8 pooles de 
péptidos frente a los antígenos de VIH, fue capaz de estimular una respuesta frente a 
todos los péptidos ensayados. Por el contrario, el grupo de ratones vacunados con el 
protocolo de inmunización inverso MVA-B/NYVAC-B (grupo 1), fue el que indujo menor 
número total de células secretoras de IFN-γ y dicha respuesta se dirigió solamente frente 
a 4 de los pooles. 
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Figura 45: Respuesta inmune específica de células T productoras de IFN-γ frente a pooles 
de péptidos del clade B en ratones humanizados HHD con diferentes combinaciones de 
MVA-B y NYVAC-B. La respuesta inmune celular específica frente a los antígenos de VIH-1 en 
los animales inmunizados se determinó mediante la técnica de ELISPOT según se describe en 
materiales y métodos. En la figura se muestra la magnitud total de la respuesta anti-VIH en los 
distintos grupos así como el número de células específicas para cada péptido secretoras de IFN-γ 
y el número de pooles positivos respecto al péptido control dentro de cada grupo. * representa 
diferencias significativas entre los diferentes grupos (**p<0.005).  
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También analizamos el perfil de citoquinas y quimioquinas producidas por los 
esplenocitos de los animales inmunizados. La tabla XI muestra que todas las 
combinaciones ensayadas inducen una respuesta inmune del tipo Th1, caracterizada por 
niveles elevados de IFN-γ y niveles bajos e incluso indetectables de IL-10. Los grupos 
que recibieron MVA-B en el booster (grupos 2 y 3), indujeron los niveles más altos de 
IFN-γ en comparación con los grupos inmunizados con dos dosis de NYVAC-B (grupo 4) 
o la combinación MVA-B/NYVAC-B (grupo 1) siendo esta observación coherente con los 
resultados obtenidos mediante ELISPOT. Los resultados obtenidos para la secreción de 
β-quimioquinas fueron similares, con niveles de RANTES y MIP-1β significativamente 
más altos en los grupos 2 y 3 (NYVAC-B/MVA-B y MVA-B/MVA-B respectivamente). 
 
  Gag-1 Gag-2 Env-1 Env-2 GPN-1 GPN-2 GPN-3 GPN-4 total 
IFN-γ 1428 <20 9874 2711 <20 <20 <20 <20 14013
MVA-B/NYVAC-B 
IL-10 <10 <10 568 302 <10 <10 <10 <10 870 
IFN-γ 3397 2089 2671 2775 3815 1729 2071 3157 21704
NYVAC-B/MVA-B 
IL-10 399 302 444 456 380 452 468 376 3277 
IFN-γ 9951 535 14729 7806 348 <20 132 271 33772
MVA-B/MVA-B 
IL-10 <10 <10 332 206 <10 <10 <10 <10 538 
IFN-γ 2585 <20 3148 2948 <20 <20 <20 145 8826 
NYVAC-B/NYVAC-B
IL-10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
IFN-γ 738 <20 <20 157 <20 <20 <20 <20 895 
NYVAC-WT/MVA-WT
IL-10 <10 <10 162 <10 <10 <10 <10 <10 162 
 
  Gag-1 Gag-2 Env-1 Env-2 GPN-1 GPN-2 GPN-3 GPN-4 total
RANTES <20 <20 112 <20 <20 <20 <20 <20 112 
MVA-B/NYVAC-B 
MIP-1β <20 <20 <20 <20 <20 <20 <20 <20 <20 
RANTES 453 <20 <20 <20 120 <20 <20 134 707 
NYVAC-B/MVA-B 
MIP-1β 237 209 <20 <20 220 <20 1149 109 1924
RANTES 431 251 143 <20 <20 <20 <20 <20 825 
MVA-B/MVA-B 
MIP-1β <20 1986 <20 1263 1157 726 363 <20 5495
RANTES 105 <20 <20 <20 <20 <20 <20 <20 105 
NYVAC-B/NYVAC-B
MIP-1β <20 <20 <20 <20 <20 <20 <20 <20 <20 
RANTES <20 <20 <20 <20 <20 <20 <20 <20 <20 
NYVAC-WT/MVA-WT
MIP-1β <20 <20 <20 <20 <20 <20 <20 <20 <20 
 
Tabla XI: Producción de citoquinas y β-quimioquinas (pg/ml) por los esplenocitos de 
ratones inmunizados en régimen combinado pox/pox. Los niveles de β-quimioquinas se 
determinaron por ELISA en los sobrenadantes de esplenocitos de los animales inoculados 
estimulamos “in vitro” con los distintos pooles de péptidos de los antígenos de VIH del subtipo B. 
 
Finalmente, decidimos determinar los niveles de anticuerpos específicos frente a 
la envuelta de VIH-1 en el suero de los ratones inmunizados mediante ELISA. Los 
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animales que recibieron dos dosis del recombinante NYVAC-B (grupo 1) no produjeron 
anticuerpos frente a la proteína gp160 del VIH clon LAV. Sin embargo, el resto de las 
combinaciones de vectores, estimularon niveles similares de anticuerpos que fueron 
significativamente mayores que los del grupo control (datos no mostrados). 
 
Los resultados demuestran un comportamiento distinto de los vectores “in vivo”. 
Ambos, tanto MVA-B como NYVAC-C, son unos inmunógenos eficientes capaces de  
inducir una potente respuesta inmune celular frente a los cuatro antígenos de VIH-1 y por 
lo tanto, cumplen los criterios necesarios para ser considerados como posibles 
candidatos vacunales frente a VIH/SIDA. Además, también se ha demostrado que la 
calidad de la respuesta depende del protocolo de inmunización empleado, pudiendo 
modularse utilizando diferentes combinaciones de los vectores. 
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En la actualidad, las cepas atenuadas del virus vaccinia MVA y NYVAC son 
consideradas dos de los vectores de elección en el desarrollo de vacunas frente a un 
gran número de enfermedades infecciosas, e incluso para el tratamiento y prevención de 
ciertos tipos de cáncer (Pincus y cols., 1995; Franchini y cols., 1996; Ockenhouse y cols., 
1998; Raengsakulrach y cols., 1999; Belyakov y cols., 2003; Sutter y Staib, 2003; 
Franchini y cols., 2004; Drexler y cols., 2004; Sauter y cols., 2005; Gherardi y Esteban, 
2005; Precopio y cols, 2007; Amato, 2007). Entre las cualidades que han convertido a 
estas dos cepas atenuadas en excelentes candidatos vacunales destacan su capacidad 
para modular la respuesta inmune del hospedador y su capacidad de expresar 
eficientemente los antígenos recombinantes dentro de la célula diana, de la misma forma 
que lo haría la infección natural pero sin riesgos para la salud.  
A pesar de su atenuación, los recombinantes basados en MVA y NYVAC, han 
demostrado ser altamente eficaces en la inducción de una respuesta inmune antígeno 
específica potente y duradera (Sutter y Moss, 1992; Tartaglia y cols., 1992). De hecho, 
en numerosos casos, su utilización en animales de experimentación da lugar a 
protección contra distintas enfermedades (Patterson y cols., 2000; Kazanji y cols., 2001; 
Belyakov y cols., 2003). Estos resultados han hecho que varios candidatos vacunales 
basados en MVA y NYVAC se encuentren ya en fase clínica de experimentación, 
validando no sólo la seguridad de estos vectores sino también demostrando su 
inmunogenicidad en humanos (Ockenhouse y cols., 1998; Sutter y Staib, 2003; Bayes y 
cols., 2005; Precopio y cols, 2007).  
A parte de las características propias de cada cepa, otro aspecto clave a la hora 
de la elección de un determinado vector viral para su empleo como vacuna es su 
interacción con el hospedador. Esta interacción va a inducir una respuesta innata y 
adquirida frente a la partícula viral que desencadenará una serie de eventos en cascada 
que pueden contribuir al éxito o al fracaso de la vacuna. De este modo, el estudio de las 
interacciones virus-célula así como el comportamiento “in vivo” del vector, podrían 
ayudarnos a definir los mecanismos que confieren protección frente a un determinado 
patógeno. Sin embargo, a pesar de su importancia, hasta la fecha existen muy pocos 
trabajos en los que se analice y compare la biología molecular de MVA y NYVAC o su 
interacción con la célula diana hospedadora.  
Ante la relevancia que están adquiriendo estas dos cepas por su aplicación como 
vectores vacunales, en este trabajo nos propusimos caracterizar el comportamiento de 
MVA y NYVAC tanto “in vitro” como “in vivo” así como, determinar el impacto que podría 
Caracterización MVA y NYVAC 
 108
tener dicho comportamiento en la respuesta inmune generada por recombinantes 
basados en estas dos cepas que expresan cuatro antígenos de VIH-1 (Env, Gag, Pol y 
Nef).  
 
1) Características de los vectores atenuados MVA y NYVAC en células en 
cultivo 
En primer lugar decidimos caracterizar la biología de estos dos vectores en 
células en cultivo. Para ello, hemos analizado morfológica, bioquímica y genéticamente 
las alteraciones que se producen en las células tras la infección con uno u otro vector.  
En cuanto a su comportamiento “in vitro”, MVA y NYVAC comparten 
características comunes. Sin embargo, en este trabajo hemos definido algunas 
diferencias significativas entre las dos cepas que podrían afectar a su capacidad 
inmunogénica.  
El estudio morfológico de las células infectadas reveló que NYVAC produce un 
efecto citopático (EC) más severo que el producido por las cepas MVA o VACV-WR. 
Este efecto se observó desde tiempos muy tempranos y en un amplio rango de células 
permisivas y no permisivas, lo que nos indica que es independiente de la restricción del 
hospedador. El mismo efecto fue también evidente cuando añadimos a las células 
infectadas la droga Ara C, que bloquea la replicación del ADN viral. Previamente se 
había descrito que la inducción del redondeamiento celular es un proceso que depende 
de la síntesis de proteínas virales tempranas (Bablanian y cols., 1978a; 1978b; 1981). De 
acuerdo con estos resultados, Tsung y colaboradores describieron la ausencia de EC en 
células infectadas con cepas del virus vaccinia (VACV) inactivadas con psoralen o luz 
ultravioleta, dos tratamientos que afectan a la transcripción de genes virales tempranos 
(Tsung y cols., 1996). Teniendo en cuenta estos datos y como ya ha sido postulado con 
anterioridad (Carroll y Moss, 1997), nuestros resultados sugieren que el menor efecto 
citopático observado durante la infección con MVA respecto a VACV-WR o NYVAC 
podría ser debido a la ausencia en su genoma de alguno de los genes de expresión 
temprana implicados en la inducción de este proceso. En este sentido, se ha descrito 
una familia de proteínas virales similares a las proteínas tipo Kelch que regulan el efecto 
citopático interviniendo en la adhesión de las células a la matriz extracelular (ECM) de 
una forma independiente del Ca+2. Hasta el momento, se han identificado tres genes 
virales que codifican estas proteínas: C2L, F3L y A55R, e interesantemente, los genes 
C2L y A55R se encuentran ausentes en el genoma de MVA (Pires de Miranda y cols., 
2003). Por otro lado, también hemos observado que existe un redondeamiento más 
pronunciado en las células infectadas con NYVAC a tiempos tempranos postinfección 
que el observado tras la infección con la cepa VACV-WR, lo que nos sugiere que entre 
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las deleciones realizadas a NYVAC se encuentra algún gen que regula y compensa el 
EC inducido tras la infección, aunque hasta la fecha no se han descrito ningún gen que 
desempeñe dicha función.  
Otra de las diferencias que encontramos entre las cepas MVA y NYVAC se refiere 
a la restricción de hospedador. Los poxvirus codifican distintas moléculas virales que 
modulan la respuesta celular para así cubrir sus necesidades. Sin embargo, en algunos 
tipos celulares, los poxvirus no logran completar su ciclo infeccioso, un fenómeno 
denominado restricción de hospedador (Tagaya y cols., 1961; McClain, 1965; Hruby y 
cols., 1980; Drillien y cols., 1981; Somogyi y cols., 1993; Fenner y Sambrook, 1996; 
Wyatt y cols., 1998). En este sentido, nuestros datos ponen de manifiesto que los 
mecanismos de restricción de hospedador para MVA y NYVAC en líneas celulares no 
susceptibles a la infección (humanas y murinas) son distintos.  
El estudio bioquímico realizado en células humanas indica que durante la 
infección con NYVAC se produce una reducción en la cinética de síntesis de proteínas y 
en la acumulación de proteínas virales respecto a la infección con MVA. Dicha inhibición 
está asociada a un incremento en los niveles de fosforilación de la subunidad alfa del 
factor eIF2. Este factor juega un papel clave en la respuesta antiviral en células 
eucariotas controlando la traducción y síntesis de proteínas (De Haro y cols., 1996). 
Coincidiendo con la fosforilación de eIF2α, durante la infección por NYVAC no se detectó 
la expresión de ciertas proteínas estructurales tardías como A27, A17 o L1. Esta 
inhibición en la síntesis afecta específicamente al proceso de traducción, ya que la 
presencia e integridad de los mensajeros ha quedado demostrada.  
La posibilidad de que durante la infección por NYVAC el factor eIF2 pudiese estar 
involucrado directamente en el bloqueo de la síntesis de las proteínas virales resulta 
atractiva. Este hecho ha sido demostrado para otras infecciones como por ejemplo el 
virus del herpes simple (VHS-1) o durante la expresión de la poliproteína del virus de la 
hepatitis C (VHC) (Gómez y cols., 2005). Sin embargo, en el caso de NYVAC, en líneas 
permisivas (BHK-21) también observamos un incremento en los niveles de fosforilación 
de dicho factor, incluso durante la infección por MVA, y en estas condiciones no existe 
restricción en la síntesis de proteínas como A27, A17 o L1.  
Como mostramos en este trabajo, durante la infección por NYVAC no sólo se 
induce un incremento en los niveles de fosforilación del factor eIF2 sino que también se 
produce una degradación del ARN ribosómico (ARNr) a tiempos tardíos postinfección. El 
patrón de degradación del ARNr es similar al producido tras la activación de la 
ribonucleasa celular ARNasa L, indicando una posible activación de dicha enzima. Por lo 
tanto, la inhibición en la síntesis de las proteínas tanto virales como celulares podría 
producirse a estos dos niveles. Está establecido que ambos mecanismos juegan un 
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papel clave en la respuesta antiviral de los interferones (IFN) y son activados por ARN de 
doble cadena (Sutter y Moss, 1992; Yang y cols., 1995; Seet y cols., 2003). Como la 
activación de la enzima ARNasa L no debería discriminar entre los diferentes ARNm 
presentes en el citoplasma de la célula, la fosforilación de eIF2 podría ser responsable 
de la selectividad de los transcritos. Recientemente se ha descrito la resistencia a la 
inhibición traduccional de mensajeros virales tardíos de alfavirus a pesar de la 
fosforilación de eIF2α como una nueva estrategia para escapar del efecto antiviral de la 
proteína PKR (Ventoso y cols., 2006). Estos mensajeros poseen una estructura 
secundaria que permite su traducción en presencia de altos niveles de fosforilación del 
factor eIF2α. De acuerdo con estos datos, una posible explicación para nuestros 
resultados podría ser que algunos mensajeros virales tardíos sean capaces de traducirse 
en presencia de altos niveles de fosforilación de eIF2α por un mecanismo similar al 
descrito para los alfavirus. La predicción de la estructura secundaria de los mensajeros 
de genes tardíos como A4L o A14L podría confirmar este planteamiento.  
Por otro lado, tampoco podemos descartar que este efecto sea mediado a través 
de la inhibición de ciertas proteínas celulares. Como hemos descrito en la introducción, 
estudios previos han demostrado que para la correcta expresión de los genes virales 
intermedios y tardíos, además de la ARN polimerasa viral, es necesaria la presencia de 
ciertos factores celulares (Broyles, 2003). En este sentido, varios grupos han identificado 
proteínas celulares como VITF-2, VITF-X o RBM3 que actúan como factores de la 
transcripción viral (Rosales y cols., 1994; Wright y cols., 1998; Wright y cols., 2001). Sin 
embargo, el papel exacto de dichas proteínas, así como los niveles de éstas en las 
distintas líneas celulares, están todavía por determinar. Otros autores sugieren que 
ciertos genes virales, entre los que se incluyen aquellos de rango de hospedador, 
podrían modular la actividad de esas proteínas y de esta forma conferir al virus la 
capacidad para replicar en determinadas líneas celulares (Hsiao y cols., 2004). No 
obstante, hasta la fecha no se ha descrito que estos factores celulares afecten 
selectivamente a la expresión de determinadas proteínas virales tardías. 
A pesar de que no hayamos definido los mecanismos de la inhibición selectiva en 
la síntesis de determinadas proteínas tardías, dicha inhibición puede ser la causa del 
bloqueo en la morfogénesis viral observado por microscopía electrónica en células HeLa 
infectadas por NYVAC. Estudios previos realizados en el laboratorio con mutantes de 
deleción del virus vaccinia han demostrado la implicación de las proteínas A27, A17 y L1 
en la formación de los distintos estadíos de la morfogénesis viral, concretamente en el 
proceso de maduración de los viriones (Rodríguez y cols., 1995; Smith y cols., 2002). 
Como revelan las micrografías, el bloqueo en la morfogénesis viral inducido tras la 
infección por NYVAC se produce en un estadío anterior al de la formación y maduración 
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de los viriones. Sin embargo, en el caso de MVA está descrito que el bloqueo es debido 
a un defecto en el ensamblaje de las proteínas estructurales ya que la síntesis de las 
proteínas virales no se encuentra alterada (Sutter y Moss, 1992). Este bloqueo en MVA 
se traduce en una baja producción de virus intracelulares maduros (MVs), inferior al 4%, 
y la producción de una gran cantidad de viriones  atípicos que no son infectivos (Sancho 
y cols., 2002; Gallego-Gómez y cols., 2003). Estos resultados reflejan la seguridad de 
estos dos vectores para su utilización en ensayos clínicos. 
Otra diferencia importante que hemos observado en las células infectadas con 
ambos vectores es que, contrariamente a lo que ocurre con MVA, en las células 
infectadas con NYVAC se producen una serie de cambios morfológicos y bioquímicos 
característicos de la inducción de muerte celular por apoptosis. Entre los cambios 
bioquímicos observados en las células infectadas con NYVAC podemos destacar el 
procesamiento de la proteína celular PARP o la degradación del ADN nuclear. También 
se detectaron por microscopía electrónica distintas alteraciones morfológicas propias de 
una muerte celular programada como la condensación de la cromatina o la formación de 
vacuolas. El análisis por citometría de flujo reveló que un 42 % de las células presentan 
un fenotipo apoptótico tras 24 horas de infección con NYVAC, mientras que dicho 
porcentaje se limitaba a un 17 % tras la infección por MVA. Ambos valores se redujeron 
a los niveles basales cuando las células infectadas fueron tratadas con zVAD, un 
inhibidor general de las caspasas, lo que nos indica que el proceso apoptótico inducido 
tras la infección es dependiente de la activación de caspasas.  
Corroborando estos resultados, varios estudios desarrollados en el laboratorio 
utilizando la técnica de los microarrays han demostrando diferencias claras en el perfil de 
genes celulares que se inducen a nivel del ARNm tras la infección con MVA respecto a 
NYVAC (Guerra y cols., 2004; Guerra y cols., 2006). Concretamente, MVA es capaz de 
inducir la expresión de una gran cantidad de mensajeros de genes inmunomoduladores 
como IL-7, IL1A, IL-8 o IL-15, mientras que la ruta de señalización apoptótica sólo se 
encuentra activada tras la infección por NYVAC. 
Hasta el momento desconocemos por qué a diferencia de MVA o VACV-WR, 
NYVAC induce apoptosis. La explicación más sencilla podría referirse a la ausencia en 
su genoma de genes reguladores de este proceso. En este sentido, entre las 18 
deleciones de NYVAC se ha descrito que las proteínas codificadas por los genes 
B13R/B14R o N1L tienen una función antiapoptótica (Kettle y cols., 1997); Sin embargo, 
estos genes tampoco están presentes o se encuentran mutados en el genoma de MVA 
(MVA182R/ 181R, MVA020L, respectivamente), lo que nos sugiere la existencia de algún 
otro gen antiapoptótico todavía sin identificar. Recientemente Chahroudi y colaboradores 
han realizado un estudio en células dendríticas humanas donde proponen que la 
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apoptosis inducida en estas células por VACV-WR y MVA puede ser consecuencia de la 
ausencia de alguna o algunas proteínas virales tardías que regulen este proceso 
(Chahroudi y cols., 2006). Estos autores se basan en la observación de que la apoptosis 
ocurre en infecciones abortivas, donde se produce una inhibición en la síntesis de 
proteínas virales tardías. De esta forma, podría ser que durante la infección, el virus 
sintetizase factores tempranos y tardíos que modulasen la respuesta pro-apoptótica 
mediada por la célula con el objetivo de ganar tiempo para replicar. En nuestro caso, 
donde existe un bloqueo en la síntesis de ciertas proteínas virales tardías, la ausencia de 
estos posibles factores virales tardíos de protección frente a la apoptosis 
desencadenaría el proceso de muerte celular.  
Todos estos resultados revelan que existen diferencias claras en el 
comportamiento de MVA y NYVAC en células en cultivo. Estas diferencias son debidas a 
las numerosas deleciones y mutaciones generadas en sus genomas durante el curso de 
su atenuación. Por ello, decidimos realizar un estudio comparativo de los genes 
delecionados en MVA y NYVAC (tabla II) con la finalidad de tratar de identificar algún 
factor viral que pudiera ser el responsable de los diferentes fenotipos observados entre 
ambos vectores. Hasta la fecha, se han secuenciado más de 100 genomas de distintas 
especies de poxvirus, entre los que se encuentran las cepas del virus vaccinia 
Copenhagen  VACV-COP (de la cual deriva NYVAC) y MVA (Antoine y cols., 1998; 
Goebel y cols., 1990; Johnson y cols., 1993). De la comparación de los dos genomas 
hemos idntificado al gen C7L, presente en MVA (021L) y ausente en NYVAC, como uno 
de los posibles genes responsables del comportamiento diferencial entre ambas cepas. 
El gen C7L se encuentra altamente conservado dentro del género orthopoxvirus lo que 
refleja su importancia para la biología del virus modulando la respuesta celular. Se ha 
definido como un gen de rango de hospedador necesario para la replicación del virus en 
células humanas (Perkus y cols., 1990; Oguiura y cols., 1993). 
Para determinar la función que podría desempeñar el gen C7L en el 
comportamiento de NYVAC, decidimos reintroducirlo en su genoma, generando para ello 
el recombinante NYVAC-C7L. La caracterización de este recombinante demostró que la 
reinserción de este gen juega un papel crítico en el control de la apoptosis y revierte 
muchas de las características bioquímicas y biológicas que hemos atribuido a NYVAC en 
este trabajo. 
 De acuerdo con nuestros resultados, la presencia de la proteína C7 es capaz de 
prevenir la fosforilación del factor eIF2 y la degradación del ARN ribosomal, lo que se 
traduce en un rescate de la expresión de las proteínas virales tardías cuya síntesis se 
encontraba inhibida en la infección por NYVAC (A17, A27 o L1). Como consecuencia de 
esto, el nuevo vector recupera la capacidad para crecer en células humanas y murinas. 
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Estos datos definen un posible mecanismo de restricción celular para NYVAC en líneas 
celulares de origen humano y murino y un papel importante del gen C7L en el control de 
la traducción de las proteínas virales.  
En este estudio también hemos observado que la reinserción del gen C7L en 
NYVAC es capaz de inhibir la apoptosis que se induce tras la infección con la cepa 
parental. Existe una gran controversia en cuanto a los mecanismos celulares que dan 
lugar a la restricción del virus en determinados tipos celulares. Algunos estudios sugieren 
que los genes de rango de hospedador poseen propiedades antiapoptóticas que 
antagonizan la restricción celular, asociando este proceso a la reducción del crecimiento 
viral y a la inhibición en la síntesis de proteínas virales (Lee y Esteban, 1994; Brooks y 
cols., 1995; Ink y cols., 1995). Por el contrario, otros estudios definen la inducción de 
apoptosis durante la infección viral como una última señal de estrés asociada con la 
restricción celular (Chang y cols., 1995; Ray y Pickup, 1996, Blair y cols., 1996; Hsiao y 
cols., 2004) y de hecho, como hemos comentado anteriormente, algunos de estos 
autores sugieren la presencia de proteínas virales tardías con una función antiapoptótica 
(Chaoroudi y cols., 2006). Nuestros resultados indican que el gen C7L interviene directa 
o indirectamente en la regulación del proceso de muerte celular aunque su función 
antiapoptótica así como su mecanismo de acción debería examinarse fuera del contexto 
viral ya que no podemos descartar que otras deleciones también pudiesen estar 
implicadas en la apoptosis inducida tras la infección por NYVAC. En este sentido, se ha 
descrito que en algunos tipos celulares los genes de rango de hospedador del virus 
vaccinia como C7L, K1L y el gen de cowpox CP77 podrían comportar como genes 
equivalentes, donde unos compensen la ausencia de otros (Turner y Moyer, 1998; Hsiao 
y cols., 2004).  
Además de recuperar la capacidad para crecer en células en cultivo de origen 
humano y murino, la reinserción del gen C7L en el genoma de NYVAC incrementó su 
eficiencia de replicación “in vivo” en ratones BALB/c. Sin embargo, NYVAC-C7L mantuvo 
el fenotipo atenuado en ratón. Este resultado podría ser relevante desde el punto de 
vista del desarrollo de vacunas ya que un vector atenuado eficiente en replicación 
permitiría una mayor expresión del antígeno heterólogo antes de que el virus sea 
clarificado por el organismo y por consiguiente podría potenciar su inmunogenicidad 
(Harari y Pantaleo, 2005; Sauter y cols., 2005).  
 
2) Comportamiento diferencial de los vectores atenuados MVA y NYVAC “in 
vivo” en ratones BALB/c 
Una vez definidas las caraterísticas de MVA y NYVAC en células en cultivo, 
decidimos analizar el comportamiento de estas cepas atenuadas “in vivo”. Para ello, 
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generamos vectores recombinantes que expresan como gen reportero la proteína 
luciferasa y llevamos a cabo un estudio comparativo de la distribución del virus y de la 
diseminación del antígeno empleando distintas rutas de inmunización tanto sistémicas 
como de mucosas.   
Como revela el análisis por bioluminiscencia, las vías más eficientes en cuanto a 
la obtención de altos niveles de expresión del antígeno heterólogo son las rutas 
intraperitoneal e intramuscular. Además, como ya había sido descrito previamente para 
MVAluc (Ramírez y cols., 2000), NYVACluc también muestra una expresión transitoria 
del gen reportero, cuya distribución y diseminación depende de la ruta de administración 
a diferencia de lo que ocurre con la cepa competente en replicación WRluc. Por lo tanto, 
ambos recombinantes atenuados muestran una reducida capacidad de replicación “in 
vivo”, evidenciando de nuevo su seguridad como vectores vacunales. 
Interesantemente, en los ratones infectados con NYVACluc el análisis por 
bioluminiscencia reveló que la expresión del antígeno permanece durante un tiempo más 
prolongado que en los animales inoculados con MVAluc, observándose diferencias en 
los niveles de expresión de luciferasa a partir de las 24 horas y de ahí en adelante. Sin 
embargo, los resultados obtenidos tras el análisis de la cinética de expresión de 
luciferasa en los distintos órganos mediante ensayos bioquímicos nos indican que MVA 
muestra una eficiencia de expresión mayor que NYVAC a tiempos tempranos 
postinfección. Estas diferencias podrían estar relacionadas con la susceptibilidad de 
determinados tipos de células a la infección con MVA o NYVAC. En este sentido, 
trabajos previos han descrito que MVA exhibe un tropismo celular diferente respecto a la 
cepa competente en replicación VACV en células primarias humanas (Sánchez-Puig y 
cols., 2004; Chahroudi y cols., 2005). Por lo tanto, se deberían realizar distintos estudios 
para identificar los tipos celulares infectados por las dos cepas virales atenuadas tanto 
en animales como en humanos. 
En conjunto, los resultados mostrados hasta el momento sobre la biología de 
MVA y NYVAC, junto con otros trabajos realizados en el laboratorio sobre el impacto en 
la expresión génica tras la infección de células HeLa con ambas cepas atenuadas 
(Guerra y cols., 2005; 2006) y células dendríticas humanas (Guerra y cols., 2007), 
sugieren que MVA y NYVAC  estimulan de forma diferencial la respuesta inmune celular. 
Se han propuesto varios factores que podrían influir en la inmunogenicidad y en 
el tipo de respuesta inducida por distintos vectores vacunales (Estcourt y cols., 2005). 
Entre ellos se incluyen: a) la ruta de administración que, como hemos mostrado, 
determina la localización anatómica inicial y la subsiguiente distribución del antígeno en 
el organismo, lo que podría tener un efecto en la respuesta inmune inducida en tejidos 
linfoides más distantes; b) la dosis que, como una medida de la carga antigénica inicial, 
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podría mediar en la magnitud de la respuesta primaria; c) la persistencia del antígeno, 
que podría influir en el desarrollo de la respuesta de memoria; y d) el tipo de 
procesamiento del antígeno y su presentación, que podría determinar en el tipo de 
respuesta celular activando de forma diferente las células T CD4+ o T CD8+.  
Recientemente, se ha propuesto que la cross-presentación es el mecanismo 
prioritario para inducir una respuesta citotóxica (CTLs) frente a antígenos derivados de 
las cepas WR y MVA “in vivo” (Chahroudi y cols., 2006; Gasteiger y cols., 2007). En este 
sentido, la apoptosis inducida por NYVAC podría contribuir a estimular su 
inmunogenicidad ya que células dendríticas sin infectar podrían cross-presentar a los 
linfocitos T los antígenos virales exógenos adquiridos de las células apoptóticas (Albert y 
cols., 1998; Larsson y cols., 2001).  
Con todos estos antecedentes, decidimos analizar la inmunogenicidad de 
recombinantes de MVA y NYVAC en el modelo murino y valorar su aplicación como 
vectores vacunales frente al VIH/SIDA. 
 
3) Generación de candidatos vacunales basados en  MVA y NYVAC que 
expresan cuatro antígenos de VIH-1 subtipos B y C 
Durante los últimos 20 años se han desarrollado una gran variedad de candidatos 
vacunales frente al VIH/SIDA entre los que se incluyen proteínas recombinantes, 
péptidos sintéticos, vectores de ADN desnudo o vectores virales incapaces de completar 
su ciclo infeccioso en células humanas (Girard y cols., 2006). A pesar de que hasta el 
momento siguen sin identificarse el ó los parámetros inmunológicos que correlacionan 
con protección, los estudios realizados tanto en animales de experimentación como en 
fase clínica en humanos, han demostrado que la respuesta inmune celular específica 
frente al VIH, y particularmente la respuesta de linfocitos T citotóxicos (CTLs), puede 
controlar la infección viral, retrasando o previniendo la progresión hacia SIDA. De este 
modo, prototipos de vacunas que estimulen el brazo celular de la respuesta inmune 
pueden controlar la replicación viral y reducir los niveles de carga viral en individuos 
vacunados, lo que conlleva a una menor probabilidad de transmisión del virus a 
individuos seronegativos. En los últimos años se ha producido un auge en el desarrollo 
de vacunas frente al VIH/SIDA que potencian la respuesta inmune celular (Koup y cols., 
1994; Kuroda y cols., 1999; Schmitz y cols., 1999; Lifson y cols., 2001; Amara y cols., 
2005). Entre ellas destacan los candidatos basados en adenovirus o en las cepas 
atenuadas de poxvirus MVA y NYVAC.  
Como hemos comentado con anterioridad, MVA y NYVAC han demostrado ser 
dos vectores seguros y altamente inmunogénicos por lo que hoy en día son 
considerados  candidatos de elección en el diseño de vacunas, no sólo frente al SIDA 
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sino también frente a un amplio abanico de enfermedades, como malaria, lehismaniasis 
e incluso frente a cáncer.  
En este trabajo se describe la generación y caracterización de la respuesta 
inmune inducida frente al VIH/SIDA basados por MVA y NYVAC en dos modelos de 
ratones, BALB/c y transgénicos humanizados HHD. Los recombinantes generados MVA-
B y MVA-C han sido objeto de una solicitud de patente. 
En el caso del VIH/SIDA, se ha descrito que para la inducción de una respuesta 
celular amplia y eficaz es necesario, la inclusión de antígenos virales tanto estructurales 
como reguladores (Shiver y cols., 2002; Berzofsky y cols 2003; Mooji y cols., 2004). Este 
es un aspecto extremadamente importante en el desarrollo de vacunas dirigidas a 
potenciar una respuesta celular, ya que una respuesta inmunológica frente a un solo 
antígeno podría llevar a la selección de mutantes que escapen a dicha respuesta, 
especialmente si la protección no es completa (Barouch y cols., 2002; Shiver y cols., 
2004). Por este motivo, se seleccionaron los antígenos Env, Gag, Pol y Nef de VIH-1 
para la generación de nuestros candidatos vacunales. Los 4 antígenos (Env/Gag-Pol-
Nef) del subtipo B o C de VIH-1 fueron insertados en el genoma de MVA y NYVAC en el 
locus del gen que codifica para la timidina quinasa (TK). En MVA-B y NYVAC-B, el gen 
de la envuelta (Env) codifica para la proteína gp120 del aislado primario Bx08, tiene un 
tropismo celular CCR5, que se trasmite más frecuentemente que las cepas tipo CXCR4 
(Berger y cols., 1999) y por lo tanto constituye una posible diana para inhibir la 
diseminación del VIH. Por otro lado, el gen sintético gag-pol-nef proviene del aislado IIIB 
y en su secuencia se incluyen los principales determinantes antigénicos que han sido 
descritos para las proteínas Gag, Pol y Nef. En MVA-C y NYVAC-C tanto la envuelta 
(Env), como el gen sintético gag-pol-nef, derivan del aislado primario asiático CN54. 
Estas construcciones han sido optimizadas en sus codones y diseñadas para obtener los 
máximos niveles de expresión en células humanas. Además, se han eliminado aquellas 
secuencias que podrían comprometer su seguridad o eficacia. Estos antígenos 
representan las proteínas más inmunogénicas de VIH-1 expresadas durante la infección 
viral y se encuentran actualmente en fase de experimentación expresados desde los 
distintos candidatos vacunales que se están ensayando en fase clínica (Tabla IV).  
Nuestros resultados demuestran que tanto los vectores del subtipo B: MVA-B y 
NYVAC-B, como los del subtipo C: MVA-C y NYVAC-C,  cumplen los criterios deseables 
a la hora de generar una vacuna (ver anexo 1): 1) capacidad de obtención de títulos 
virales altos de replicación en células CEF; 2) niveles altos de expresión génica de los 
productos recombinantes; 3) elevada estabilidad del inserto tras someter al vector a 
pases sucesivos en cultivos celulares y 4) generación de una respuesta inmune 
específica frente a los antígenos heterólogos. Además, hemos observado que la 
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inserción de los antígenos de VIH no modifica las características propias de cada vector, 
como la inducción de apoptosis o la síntesis de proteínas, descritas en este trabajo y que 
podrían afectar de alguna manera a su inmunogenicidad. 
Para la simplificación de la lectura de este trabajo, se han detallado solamente los 
datos correspondientes al estudio de la inmunogenicidad de MVA-B y NYVAC-B en 
ratones BALB/c y transgénicos humanizados HHD. Los resultados del estudio de 
inmunogenicidad correspondientes a los recombinantes MVA-C y NYVAC-C se adjuntan 
en el anexo 1 (Gómez y cols., 2007a).  
 
4) Ensayos preclínicos frente al VIH/SIDA con los vectores atenuados MVA 
y NYVAC 
Una vez generados y caracterizados los vectores, decidimos evaluar el potencial 
inmunogénico de MVA-B y NYVAC-B en ratones BALB/c y transgénicos humanizados 
HHD.  
 Actualmente, el modo más efectivo para inducir una inmunidad celular es 
mediante protocolos de inmunización de “prime-boost” donde se combinan la 
inmunización con un vector de ADN seguido de una dosis de refuerzo con un vector viral 
recombinante, ambos codificando los mismos antígenos (Zavala y cols., 2001; Harari y 
Pantaleo, 2005).  
Debido a esto, analizamos la respuesta inmune inducida tras la administración de 
una dosis de ADN seguido de una segunda dosis con un poxvirus recombinante, ambos 
expresando los antígenos Env, Gag, Pol y Nef de VIH-1 en dos modelos de ratones. 
Nuestros resultados demuestran que los vectores MVA-B y NYVAC-B son unos 
inmunógenos eficientes, capaces de inducir una potente respuesta inmune celular 
específica frente a los antígenos Env, Gag, Pol y Nef de VIH-1 tanto en ratones BALB/c 
como en ratones humanizados HHD. Sin embargo, hemos observado diferencias entre 
los recombinantes en cuanto a la magnitud y amplitud de la respuesta frente a los 
distintos epítopos de VIH-1 que depende del protocolo de inmunización utilizado en cada 
modelo animal. 
 En ratones BALB/c, el protocolo ADN-B/NYVAC-B indujo una respuesta 
significativamente mayor que la inmunización con ADN-B/MVA-B. Sin embargo, la 
magnitud de la respuesta en los ratones transgénicos HHD con ambos protocolos de 
inmunización fue similar. Los niveles de células secretoras de IFN-γ fueron más bajos en 
los animales transgénicos que en los BALB/c, lo que se correlaciona con la menor 
proporción de células T CD8+ en los ratones HHD (una media de un 3% sobre el total de 
las células del bazo). Cuando analizamos intrínsecamente frente a qué péptidos se 
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dirigió la respuesta celular también observamos diferencias entre los dos modelos 
animales. Mientras que en BALB/c la respuesta se encuentra ampliamente distribuida 
entre los 4 antígenos de VIH-1 (7 mezclas de péptidos solapantes, referidos en 
denominación inglesa como “pooles” positivos), en los ratones transgénicos, los “pooles” 
de péptidos que cubren la envuelta (Env-1 y Env-2) fueron los más inmunogénicos. 
Varios estudios han descrito que la competición o inmunodominancia de varios epítopos 
de CTLs puede reducir la amplitud de la respuesta inducida tras la vacunación 
(Rodríguez y cols., 2002; Palmowsky y cols., 2002). En nuestro caso, la 
inmunodominancia en la respuesta observada frente al grupo de péptidos que cubren la 
envuelta (Env) podría afectar al reconocimiento del “pool” de péptidos que cubren el 
resto de los antígenos incluidos en los candidatos vacunales. Se ha propuesto que la 
rapidez con la que una célula produce IFN-γ constituye uno de los principales criterios 
que determinan la supervivencia de la célula y su posterior expansión clonal (Liu y cols., 
2004). De este modo, las células T CD8+ podrían producir rápidamente la secreción de 
IFN-γ como respuesta a la expresión y secreción temprana de la proteína de la envuelta 
de VIH y así permitir la supervivencia y expansión de los clones de células específicas 
frente a Env. Sin embargo, existen otros factores que podrían contribuir a la 
inmunodominancia de la envuelta frente al resto de los antígenos en el modelo HHD: la 
afinidad para unirse al MHC, la eficiencia de procesamiento de los epítopos o la 
competición entre células T para acceder a la célula presentadora del antigéno (APC). 
Con la intención de mejorar la amplitud de la respuesta en los ratones 
transgénicos HHD, decidimos evaluar la respuesta tras la administración de distintos 
protocolos de inmunización donde se combinen los dos vectores virales.  
El protocolo de inmunización NYVAC-B/MVA-B indujo la respuesta inmune celular 
más amplia, seguido del grupo que recibió dos dosis de MVA-B. De esta forma, con este 
tipo de combinaciones conseguimos evitar la inmunodominacia de la respuesta frente a 
la envuelta generando una respuesta más homogénea frente a todos los grupos de 
péptidos que cubren los cuatro antígenos incluidos en nuestras construcciones. Este 
resultado podría ser relevante en el diseño de un protocolo de inmunización eficaz, ya 
que se ha demostrado que vacunas que generan una respuesta inmune celular potente 
frente a uno o dos epítopos específicos pueden, con el tiempo, perder su eficacia 
protectora debido a la generación por parte del agente infeccioso de mutantes que 
escapan de la respuesta inmunológica (Pantaleo y cols., 1995; Barouch y cols., 2002). 
Además, se ha descrito que los individuos no progresores a largo plazo presentan una 
respuesta ampliamente reactiva de CTLs, lo que nos indica la importancia de la amplitud 
de la respuesta en el control de la infección viral (Pantaleo y cols., 1995; Gea-Banachone 
y cols., 2000).  
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Por otro lado, la secuencia de administración de los vectores resultó ser esencial 
ya que el protocolo de inmunización inverso, MVA-B/NYVAC-B, no mejoró la amplitud de 
la respuesta inmunológica. MVA-B demostró su eficacia como potenciador de la 
respuesta inmune cuando se administra tras una primera dosis de MVA-B o NYVAC-B.  
Sin embargo, NYVAC-B fue menos eficaz. Como ya ha sido postulado anteriormente, 
esto podría explicarse por el tipo de respuesta generada por cada recombinante frente al 
propio vector (Webster y cols., 2005). Estudios realizados en el laboratorio demuestran 
que la respuesta inmune, tanto celular como humoral, generada frente al propio vector es 
mayor en NYVAC que en MVA (Gómez y cols., 2007a; 2007b). MVA tiene un genoma de 
186 Kb que codifica 193 fases de lectura abiertas, “ORFs”, de las cuales tan sólo 152 
permanecen intactas (Antoine y cols., 1998), mientras que NYVAC sólo tiene 18 genes 
delecionados respecto a su cepa parental (Tartaglia y cols., 1992). Debido a que el 
genoma de MVA presenta un menor tamaño, la respuesta inmune generada frente al 
vector tras la inmunización con MVA podría dirigirse frente a antígenos comunes 
presentes en las regiones altamente conservadas dentro del género Orthopoxvirus y de 
esta manera atenuar o inhibir la posterior infección con NYVAC. Por el contrario, la 
respuesta inducida frente a NYVAC podría estar dirigida frente a antígenos que no se 
expresasen durante la infección con MVA y de este modo no influirían o influirían en 
menor medida en la posterior inmunización con MVA. En este sentido, Oseroff y 
colaboradores han identificado en PBMCs de pacientes vacunados con Dryvax, 48 
epítopos derivados de distintos antígenos del virus vaccinia como B8R, D1R, D5R, C10L, 
C19L, C7L, F12L y O1L. Estos antígenos fueros reconocidos eficientemente por distintos 
donantes en el contexto de diferentes tipos de HLA (Oseroff y cols., 2005). Alguno de 
estos genes se encuentran mutados o ausentes en el genoma de MVA. Estas 
observaciones ayudan a explicar las diferencias inmunológicas que hemos encontrado 
entre los dos vectores y deberían tenerse en consideración cuando se utilicen 
recombinantes basados en MVA o NYVAC en diferentes protocolos de inmunización.  
En la mayoría de las infecciones virales, y en el caso de VIH en particular, la 
protección y el control de la infección se ha correlacionado preferentemente con la 
inducción de una respuesta inmunológica de tipo Th1. Esta respuesta se caracteriza por 
la producción de citoquinas como IL-12, IL-2 e IFN-γ mientras que la secreción de IL-10, 
IL-4, IL-5 o IL-13 determina un tipo de respuesta Th2 (Graham, 2002). En nuestro caso, 
el patrón de citoquinas detectado en los sobrenadantes de los cultivos celulares de 
linfocitos del bazo tras la reestimulación con las diferentes mezclas de péptidos, es 
claramente el de una respuesta del tipo Th1. Además, en estos sobrenadantes también 
hemos detectado altos niveles de β-quimioquinas como MIP-1β o RANTES cuya 
actividad antiviral ha sido descrita en varios trabajos (Eccleston y cols., 1997). De hecho, 
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se han detectado niveles elevados de RANTES en un grupo de prostitutas en Kenia, 
quienes a pesar de estar continuamente expuestas al virus, no llegan a infectarse (Isqal 
y cols., 2005) por lo que este resultado podría ser de gran importancia en el control de la 
infección.  
En las distintas estrategias de inmunización ensayadas en este trabajo hemos 
sido capaces de detectar una inducción moderada de la respuesta humoral producida 
por los distintos recombinantes, aunque la capacidad neutralizante de los anticuerpos 
generados no ha sido analizada.  
Nuestros resultados demuestran que tanto MVA-B como NYVAC-B son unos 
inmunógenos eficientes capaces de inducir una potente respuesta inmune celular frente 
a los cuatro antígenos de VIH-1. Además, hemos observado que la calidad de la 
respuesta va a depender del protocolo de inmunización utilizado, pudiendo modularse 
utilizando diferentes combinaciones de vectores. 
A pesar de que en el modelo murino no hemos podido evaluar la eficacia de MVA 
y NYVAC para conferir protección frente a la infección por VIH, los resultados obtenidos 
en este trabajo son prometedores. De hecho, en colaboración con el grupo del Dr. 
Heeney, del Centro de Primates de Holanda, se ha llevado a cabo un estudio en 
macacos para evaluar la inmunogenicidad y la eficacia de MVA y NYVAC en sistemas de 
inmunización combinado, ADN/pox.   
Nuestro grupo ha contribuido en la generación de los recombinantes híbridos 
simio/humanos (SHIV) utilizados para este modelo. Dichos recombinantes expresan el 
gen de la envuelta del VIH-1 humano Env89.6p y el gen sintético gag-pol-nef procedente 
del virus de simio SIVmac239. Los datos mostrados en esta tesis han servido para 
corroborar y explicar algunos de los resultados obtenidos en los ensayos de macacos.  
Lo más relevante que se observó en el estudio desarrollado en primates fue que 
tanto MVA como NYVAC fueron capaces de conferir una protección similar frente a un 
desafío con un virus altamente patogénico (SHIV89.6p). En los monos inmunizados con 
MVA y NYVAC los niveles de células CD4+ se mantuvieron constantes durante un 
periodo de tiempo superior a un año y la carga viral permaneció por debajo de los límites 
de detección durante todo el periodo de análisis. Interesantemente, esta protección se 
correlacionó con una inducción de una respuesta celular específica frente a los cuatro 
antígenos, aunque existe una predominancia hacia Env al igual que ocurre en los 
ratones transgénicos HHD, y con una activación diferencial de células T CD4+ o T CD8+. 
El análisis detallado de la respuesta inmune inducida por MVA frente a los distintos 
antígenos reveló una activación mayoritaria de células T CD8+ mientras que NYVAC 
activó preferentemente células T CD4+ (Mooij y cols., manuscrito en revisión). Estos 
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resultados demuestran que tal y como habíamos planteado, MVA y NYVAC inducen 
respuestas inmunológicas diferentes.  
Existen varios factores que podrían explicar los diferentes mecanismos de 
inducción de la respuesta inmune. Evidencias recientes indican que tanto para la 
expansión clonal de las células T CD8+ como para el desarrollo de sus funciones 
efectoras o el establecimiento de una población de memoria, es necesario la presencia 
de una señal de citoquinas, denominada “tercera señal” (Mescher y cols., 2006; Mescher 
y cols., 2007). Esta tercera señal proviene de la secreción por parte de la célula 
dendrítica madura de citoquinas como IL-12 y/o IFN del tipo I (IFNα/β), cuya activación 
es mediada por una cascada de señalización distinta a la activada por el TCR y la 
molécula coestimuladora CD28. Si analizamos el perfil de genes activados tras la 
infección con MVA de células dendríticas humanas (Guerra y cols., 2007) podemos 
observar que existe un aumento significativo en la expresión a nivel de ARN mensajero 
de genes como IL-12, IFN-α e IFN-β, así como un incremento del factor regulador del 
IFN IRF-7 y de proteínas implicadas en la producción de IFN tipo I como RIG-I o MDA5. 
Consecuentemente, se observa una mayor regulación de genes estimulados por IFN 
(ISGs) como ISG56, ISG60 o SCYB10. Además, el programa de diferenciación activado 
por la secreción de IL-12 junto con IFNα/β incrementa la expresión de un gran número 
de genes implicados en otras funciones como el gen GADD45B (Lu, 2006) o el factor de 
transcripción NFAT5 (Sundrud y Rao, 2007) que intervienen en la regulación de las 
células efectoras; o genes implicados en la señal de transducción (MAP2K5) y en la 
regulación del ciclo celular (Ciclina B1); o miembros de la familia de los TNF (Anel y 
cols., 2007). Todos ellos se encuentran consistentemente aumentados durante la 
infección por MVA. Además, otros genes implicados en la modulación de la respuesta 
inmune como los de las citoquinas pro-inflamatorias o las β-quimioquinas también se 
expresaron diferencialmente en las células infectadas con MVA o NYVAC. Todos estos 
datos apoyan la preferencia de MVA en la estimulación de células T CD8+.  
Está descrito que una exposición relativamente corta del antígeno es suficiente 
para la correcta expansión clonal y diferenciación de los linfocitos T CD8+, pero  
contrariamente, para las células T CD4+ es necesario una mayor persistencia del 
antígeno para superar su fase de expansión (Obst y cols., 2005). La mayor persistencia 
del antígeno “in vivo” durante la infección por NYVAC respecto a MVA demostrada en 
este trabajo puede ser el determinante de que en los macacos vacunados con NYVAC 
se potencie preferentemente una respuesta de células T CD4+. Además, no podemos 
descartar que la apoptosis inducida tras la infección por NYVAC pueda contribuir de 
forma diferencial a la respuesta inmune generada por ambos vectores (Albert, 2004).  
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En conjunto, todos estos datos demuestran claramente cómo la interacción entre 
el virus y el huésped puede determinar el tipo de respuesta inmunológica inducida por un 
determinado vector y cómo las deleciones introducidas en uno u otro vector influyen 
sobre su capacidad inmunogénica. Estos resultados ponen de manifiesto la necesidad 
de estudios comparativos con diferentes vectores virales que expresen el mismo 
antígeno ya que, de esta forma, podremos identificar el papel que juega la respuesta 
inmunológica generada por el propio vector en la generación de una respuesta eficaz 
frente a un determinado patógeno. 
En la actualidad, algunos de los vectores descritos en este trabajo ya se 
encuentran en fase clínica de experimentación dentro del proyecto EuroVac. Hasta la 
fecha se han llevado a cabo dos ensayos clínicos en fase I con NYVAC-C obteniéndose 
resultados muy prometedores. El primero, realizado sólo con NYVAC-C, sirvió para 
demostrar la seguridad e inmunogenicidad de este vector. En el segundo, iniciado en el 
año 2005, se evaluó la seguridad e inmunogenicidad del protocolo de inmunización que 
combina el vector ADN-C seguido de una dosis con el poxvirus NYVAC-C (Harari y 
cols.,J. Exp. Med, en revisión). Los resultados de este ensayo demuestran que la 
combinación es segura y que se produce un incremento considerable de la respuesta 
inmune frente a los antígenos del VIH en los voluntarios inmunizados. Los resultados de 
este ensayo son relevantes ya que con este protocolo de inmunización se consigue que 
el 90% de los individuos vacunados respondan frente a al menos uno de los antígenos 
incluidos en los inmunógenos, algo que no se había conseguido con otros protocolos de 
inmunización y que había frustrado las aspiraciones de muchos grupos que intentaban 
desarrollar una vacuna frente al VIH/SIDA. En este ensayo, la respuesta inmune también 
fue dirigida mayoritariamente frente a la proteína de la envuelta. El siguiente ensayo 
clínico en fase II se iniciará a finales del año 2007 con el mismo protocolo ADN/NYVAC 
pero con un mayor número de voluntarios y se está planificando un ensayo de eficacia 
en fase IIb para realizarlo con unos 2000 voluntarios en África. 
En relación al vector MVA-B, en el año 2007 se ha iniciado en Holanda un ensayo 
terapéutico con pacientes seropositivos con niveles de CD4 en sangre por encima de 
200/mL. El objetivo del estudio será demostrar si se puede aumentar la respuesta 
inmune celular, especialmente de linfocitos T CD8+ y mantener la población de linfocitos 
T CD4+ en los individuos infectados. Por otro lado, nuestro laboratorio en colaboración 
con los hospitales Clinic de Barcelona y Gregorio Marañón de Madrid, ha iniciado los 
trámites para realizar un ensayo profiláctico en fase I en España con el vector MVA-B. El 
objetivo es demostrar su inmunogenicidad en voluntarios sanos y se espera iniciar el 
ensayo a principio de 2008. 
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En los próximos años veremos los resultados procedentes de éstos y otros 
ensayos que sin duda nos ayudaran a mejorar el diseño de futuros nuevos candidatos 
vacunales frente al VIH/SIDA que logren controlar la pandemia. 
Conclusiones
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Con los datos obtenidos en este estudio podemos establecer las siguientes 
conclusiones:  
 
1. El estudio morfológico por microscopía de contraste de fase revela que NYVAC 
induce un efecto citopático más severo que MVA en células en cultivo.  
 
2. El estudio a nivel bioquímico en líneas celulares no permisivas de origen humano y 
murino reveló que, a diferencia de MVA, la infección por NYVAC produce una 
inhibición a nivel traducional de la síntesis de ciertas proteínas estructurales tardías 
(A17, A27 y L1) y altos niveles de apoptosis dependiente de la activación de las 
caspasas.  
 
3. El análisis por microscopía electronica de células HeLa infectadas con NYVAC 
demuestra que existe un bloqueo en la morfogénesis que afecta a la formación y  
maduración de los viriones, además se obserban signos característicos de una 
muerte celular por apoptosis. 
 
4. La reinserción del gen C7L en el genoma de NYVAC es suficiente para recuperar la 
capacidad del virus para replicar en células de origen humano e inhibir la apoptosis. 
El nuevo recombinante NYVAC-C7L, a pesar de replicar “in vivo” mantiene un 
fenotipo atenuado en ratón. 
 
 
5. Experimentos en ratones BALB/c demuestran que la expresión del gen marcador 
luciferasa es transitoria para ambos vectores. En MVA se limita a las primeras 24 
horas, mientras que con NYVAC la señal se mantiene por un periodo de tiempo 
superior a las 72 horas después de su inoculación.  
 
6. Las rutas de administración intraperitoneal e intramuscular son muy eficaces para la 
expresión de antígenos virales desde recombinantes basados en las cepas MVA y 
NYVAC. Por el contrario, su utilización por ruta de mucosas la expresión del antígeno 
es más limitada (intranasal e intrarrectal). 
 
7. Recombinantes basados en las cepas atenuadas MVA y NYVAC que expresan 
cuatro antígenos del VIH-1 (Env, Gag, Pol y Nef) han demostrado su estabilidad 
durante pases sucesivos. 
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8. En modelo experimental de ratón (BALB/c y HHD) se han desarrollado 
procedimientos de inmunización combinada de vectores de ADN y poxvirus (“prime-
booster”) que inducen una respuesta inmune específica frente a los antígenos del 
VIH-1.  
 
9. Se ha demostrado a nivel preclínico que la amplitud y magnitud de la respuesta 
inmune antígeno-específica frente al VIH-1 puede modularse utilizando distintas 
estrategias de inmunización. 
 
 
10. Este estudio demuestra la utilidad de MVA y NYVAC como vectores vacunales frente 
al VIH-1 
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The poxvirus strains NYVAC and MVA are two candidate vectors for the development of vaccines against a
broad spectrum of diseases. Although these attenuated virus strains have proven to be safe in animals and
humans, little is known about their comparative behavior in vitro. In contrast with MVA, NYVAC infection
triggers greater cytopathic effect in a range of permissive and nonpermissive cell lines. The yields of NYVAC
cell-associated virus in permissive cells (BHK-21) were slightly reduced compared with those of MVA infection.
During the course of infection in HeLa cells, there is a translational block induced by NYVAC late in infection,
which correlated with a marked increase in phosphorylation levels of the initiation factor eIF-2. In contrast
to MVA, the synthesis of certain late viral proteins was only blocked in NYVAC-infected HeLa cells. Electron
microscopy (EM) analysis revealed that morphogenesis of NYVAC in HeLa cells was blocked at the stage of
formation of immature viral forms. Phase-contrast microscopy, EM, flow cytometry, and rRNA analyses
demonstrated that contrary to MVA, NYVAC infection induces potent apoptosis, a phenomenon dependent on
activation of caspases and RNase L. Apoptosis induced by NYVAC was prevented when the virus gene C7L was
placed back into the NYVAC genome, recovering the ability of NYVAC to replicate in HeLa cells and
maintaining the attenuated phenotype in mice. Overall, our findings demonstrate distinct behavior between
NYVAC and MVA strains in cultured cells, as well as a new role for the C7L viral gene as an inhibitor of
apoptosis in NYVAC infection.
Poxvirus vectors are considered to be prime candidates for
use as recombinant vaccines due to their efficient expression of
the foreign antigen and unique immunological properties in
eliciting long-term protective humoral and cell-mediated im-
mune responses (44). Increased immunosuppression as a result
of human immunodeficiency virus (HIV) infection, cancer
treatments, and organ transplantation, in addition to the pos-
sible vaccination of the general public due to the emerging
threat of smallpox bioterrorism, requires the need for the de-
velopment of safe and efficacious vectors (46). Numerous ap-
proaches have been taken to enhance the safety of poxviruses.
These include the replication-deficient modified vaccinia virus
Ankara (MVA) (21), nonreplicating defective vaccinia virus
(VV) (46), host cell-restricted vectors such as avipoxviruses
(ALVAC) (72), fowlpox virus (44), and poxvirus vectors with
deletions in nonessential genes (60), such as those coding for
serpins (37), or host range genes, such as the NYVAC strain
(71). In this regard, recombinants based on MVA or NYVAC
strains are emerging as important candidates to be used as live
vaccines against numerous infectious diseases and in cancer
therapy.
The current widely used MVA strain was classically attenu-
ated by growing the virus after more than 500 passages in
chicken embryo fibroblasts (CEF) (40). During the course of
attenuation, 15% of the parental viral genome was lost (1) as
was the ability to grow in human cells and a majority of mam-
malian cells (15, 20, 43). MVA has been shown to be safe in
humans, with no adverse side effects, as demonstrated when
over 120,000 individuals were vaccinated during the smallpox
eradication campaign (40). At present, first-generation recom-
binant MVA vaccines inducing relevant recombinant antigen-
specific T-cell immunogenicity in humans have been clinically
tested against infectious disorders such as AIDS, malaria, and
human papillomavirus-associated cancer (for review, see ref-
erence 68).
The NYVAC vector was derived from the Copenhagen
strain of VV. It was genetically attenuated by the deletion of 18
nonessential genes implicated in virulence, host range, or
pathogenicity, resulting in a strain with a highly debilitated in
vitro replicative capacity on cells derived from humans, mice,
and equid origin, but with the ability to replicate with wild-type
efficiency in CEFs and Vero cells (69–71). A number of exam-
ples employing the NYVAC vector as a recombinant vaccine
delivery system have been provided in various animal models
and humans with promising results (50, 52, 69). Although
NYVAC is a highly attenuated virus, it retained the ability to
induce a protective immune response to foreign antigens in a
similar way to the thymidine kinase mutant of the parental
strain (49). To date, all of the data obtained from human
clinical trials using NYVAC-based vectors illustrate a positive
safety profile and the induction of high levels of immunity
against the expressed heterologous antigens (10, 12, 19, 23, 32,
47, 50, 53).
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Even though the attenuated poxvirus vectors MVA and
NYVAC have been widely characterized in terms of safety and
immunogenicity, a careful evaluation of the differences in
MVA and NYVAC biology remains to be established. A com-
parative analysis of expression profiles obtained by cDNA mi-
croarray screening of over 15,000 human genes in NYVAC- or
MVA-infected HeLa cells revealed that both virus strains in-
duced common and distinct proinflammatory cytokine profiles
(30, 31).
In this study, we examined the in vitro behavior of NYVAC
in comparison with that of MVA using cellular and biochem-
ical approaches. Our findings revealed distinct biological char-
acteristics of MVA and NYVAC strains, which are likely to
influence the immunogenicity of these recombinant vectors
when used as vaccines. Among the candidate genes deleted in
NYVAC and intact in the MVA genome (1), we found the C7L
gene responsible for the distinct biological differences between
both attenuated strains.
MATERIALS AND METHODS
Cells and viruses. Cells were maintained in a humidified air–5% CO2 atmo-
sphere at 37°C. African green monkey kidney cells (BSC-40) and human cells
(HeLa) were grown in Dulbeccos modified Eagle’s medium (DMEM) supple-
mented with 10% newborn calf serum. Mouse 3T3-like fibroblast cells (3T3),
baby hamster kidney cells (BHK-21), CEF, and human cells (TK-143) were
grown in DMEM supplemented with 10% fetal calf serum (FCS). The VV strains
used in this work include Western Reserve (WR), MVA obtained after 586
passages in CEFs (passage 585 of MVA was kindly provided by G. Sutter,
Munich, Germany), and NYVAC (provided by J. Tartaglia from Aventis-
Pasteur). These strains were grown and titrated in BSC-40 cells (WR) or in
CEFs (MVA or NYVAC). All viruses were purified by two sucrose cushions
and titrated by immunostaining (25). The particle/PFU ratio in the different
virus preparations was determined by measurements of optical density at 260
nm (OD260) and virus titration (1 OD260 unit represents 1.2  1010 particles
per ml) (22).
Generation of NYVAC-C7L. The C7L gene was obtained by PCR of genomic
MVA DNA using the following set of primers: 5-CGGGATCCCATGGGTAT
ACAGCACGAATTCG (BamHI site underlined) and 5-TCCCCCGGGTAAT
CCATGGACTCATAATCTCTATACG (SmaI site underlined). The amplified
DNA fragments were digested with restriction endonucleases BamHI and SmaI
and cloned into pJR101 vector (27) previously digested with BglII and SmaI. The
resulting plasmid, pJR101-C7L, directs the insertion of the C7L gene into the
hemagglutinin locus of the NYVAC genome under the transcriptional control of
the synthetic early/late (E/L) promoter. BSC-40 cells were infected with the
attenuated NYVAC strain at a multiplicity of 0.01 PFU/cell and then transfected
with 10 g of DNA from plasmid pJR101-C7L using Lipofectamine reagent
according to the manufacturer’s instructions (Invitrogen). Recombinant NYVAC
viruses containing the C7L gene were selected by consecutive rounds of plaque
purification in BSC-40 cells stained with X-Gluc (5-bromo-4-chloro-3-indoxyl--
D-glucuronidase acid). Purity of the recombinant NYVAC-C7L virus was con-
firmed by PCR and by DNA sequence analysis.
Evaluation of CPE by phase-contrast microscopy. In the evaluation of cyto-
pathic effects (CPE) under permissive and nonpermissive conditions, the indi-
cated cell lines were seeded into 12-well tissue culture plates and grown to
confluence. The cells (duplicate wells) were infected at 5 PFU/cell with WR,
MVA, NYVAC, or NYVAC-C7L and visualized under a phase-contrast micro-
scope at various times postinfection (p.i.) for CPE (such as cell rounding, cyto-
plasmic contraction, and slow detachment). In addition, we analyzed this effect in
infected HeLa cells treated with a DNA synthesis inhibitor, Ara C, at a concen-
tration of 50 g/ml. A total of three independent experiments were performed.
Analysis of virus growth. To determine virus growth profiles, monolayers of
HeLa or BHK-21 cells grown in 12-well tissue culture plates were infected at 0.01
PFU/cell with WR, MVA, or NYVAC strains. Following virus adsorption for 60
min at 37°C, the inoculum was removed. The infected cells were washed twice
with DMEM without serum and incubated with fresh DMEM containing 2% of
FCS at 37°C in a 5% CO2 atmosphere. At different times postinfection, cell
supernatants were removed by scraping with a pipette and cells in the monolayer
were independently collected in serum-free medium. The supernatants were
stored at 4°C for no more than 48 h before virus titration, and cell-associated
virus in the collected monolayer was released from cells by freeze-thawing and
brief sonication. Serial dilutions of the resulting cell lysates and of supernatants
were plated on confluent BHK-21 monolayers grown in six-well plates in dupli-
cate. Following virus adsorption for 60 min at 37°C, the inoculum was removed.
The infected cells were washed twice with DMEM without serum and incubated
with fresh DMEM containing 2% of FCS at 37°C in a 5% CO2 atmosphere.
Following 24 h postinfection, the virus titers were determined by immunostaining
assay with anti-VV antibodies as previously described (33). At least three inde-
pendent virus titrations were performed with the samples containing the virus
released to the medium during infection (supernatant) and the virus that re-
mained cell associated (monolayer cells).
Metabolic labeling of proteins. HeLa and BHK-21 cells grown in 12-well plates
were infected at 5 PFU/cell with MVA or NYVAC. At different times postin-
fection (4, 8, and 16 h), cells were rinsed three times and incubated with Met-
Cys-free DMEM 30 min prior to labeling. After incubation, the medium was
removed and 50 Ci of [35S]Met-Cys Promix per ml in Met-Cys-free DMEM was
added for an additional 30 min. After three washes with phosphate-buffered
saline (PBS), cells were resuspended in Laemmli sample buffer, and equal
amounts of proteins (20 g) were analyzed by sodium-dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) followed by autoradiography.
Western blot analysis. Antibodies that specifically recognize the products of
viral early and late genes, such as E3L (p25), A14L (p16), A4L (p39), A17L
(p21), A27L (p14), and L1R (p27.5), were used in the identification of viral
proteins. Anti-E3L was kindly provided by B. Moss and B. Jacobs and anti-L1R
by Y. Ichihashi. The remaining antibodies were generated in our laboratory and
have been described previously (17, 57, 59, 61). The rabbit polyclonal antiserum
raised against live VV was previously described (57). The rabbit polyclonal
anti-eIF2 phospho-specific antibody was supplied by BIOSOURCE. The mono-
clonal antibody against -actin was supplied by Sigma. Rabbit polyclonal anti-
eIF2 antibody was supplied by Santa Cruz Biotechnology, Santa Cruz, CA.
Rabbit polyclonal anti-human poly(ADP)-ribose polymerase (PARP) was sup-
plied by Cell Signaling.
For Western blot analyses, total cell extracts were boiled in Laemmli sample
buffer, and proteins were fractionated by 10% SDS-PAGE. Following electro-
phoresis, proteins were transferred to nitrocellulose membranes using a semidry
blotting apparatus (Gelman Sciences). The filters were incubated for 30 min with
PBS containing nonfat dry milk at 5% (BLOTTO) at room temperature, mixed
with antisera in BLOTTO, incubated overnight at 4°C, washed three times with
PBS, and further incubated with secondary antibodies coupled to horseradish
peroxidase in BLOTTO. After the PBS wash, the immunocomplexes were
detected by enhanced chemiluminescence (ECL) Western blotting reagents
(Amersham).
RT-PCR. HeLa cells cultured in six-well plates were mock infected or infected
with WR, MVA, NYVAC, or NYVAC-C7L at 5 PFU/cell. Total RNA was
isolated at 24 h p.i. using the Ultraspec-II RNA resin purification system (Bio-
tecx) following the manufacturer’s instructions. Total RNA (1.5 g) was digested
with DNases to avoid genomic DNA contamination (Ambion Turbo kit). PCR
with Taq Platinum DNA polymerase (Invitrogen) and primers for a control viral
gene was performed to ensure there was no DNA contamination (data not
shown). Reverse transcription-PCR (RT-PCR) was carried out with 150 ng of
total RNA (free of DNA contaminant) using the Invitrogen ONE-STEP kit.
Primers for amplification of E3L were 5-GAGATTGTGTGTGAGGCT and
3-AAAAGACCAATCTCTTCT. Primers for A27L were (forward) 5GCGCT
CGAGATGCATCATCATCATCATCATGACGGAACTCTTTTCCCC and (re-
verse) 5-CGCGGTACCTTACTCATATGGGCGCCGTCCAGTC.
Primer extension. Primer extension was carried out under the following con-
ditions: 2 pmol of VIC-labeled primer from Applied Biosystems (specific for the
viral A27L gene), 2 g of total RNA, and 0.5 mM of deoxynucleoside triphos-
phate (dNTP) mix in a 0.5-ml microcentrifuge tube. Samples were heated at 65°C
for 5 min before quenching in ice for at least 5 min. First-strand cDNA synthesis
was performed using SuperScript II RT and 5 RNX buffer (Invitrogen) ac-
cording to the manufacturer’s instructions for 50 min at 42°C. Samples were next
incubated for 15 min at 70°C and quenched in ice before precipitation. VIC-
labeled cDNAs were allowed to precipitate for 30 min at 40°C following the
addition of 0.7 volume of isopropanol. cDNAs were pelleted by centrifugation at
15,000 rpm for 10 min and washed with 70% ethanol before being air dried and
stored at 20°C. Each cDNA sample was dissolved in a solution consisting of 2.5
l formamide (Promega), 0.5 l GeneScan 500 ROX internal lane standard
(Applied Biosystems), and 2 l of loading buffer (Applied Biosystems) per
sample. The primer extension products were sized using the GeneScan analysis
software version 3.7 (Applied Biosystems).
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Electron microscopy. Monolayers of HeLa cells were infected at 5 PFU/cell
with MVA or NYVAC. At 16 h p.i., cells were fixed in situ with a mixture of 2%
glutaraldehyde and 1% tannic acid in 0.4 M HEPES buffer (pH 7.5) for 1 h at
room temperature. Fixed monolayers were removed from culture dishes in a
fixative and transferred to Eppendorf tubes. After centrifugation and a wash with
HEPES buffer, the cells were stored at 4°C until used. For ultrastructural studies,
fixed cells were processed for embedding in epoxy resin EML-812 (TAAB Lab-
oratories, Ltd., Berkshire, United Kingdom) as previously described (57). Post-
fixation of cells was completed with a mixture of 1% osmium tetroxide and 0.8%
potassium ferricyanide in distillate water for 1 h at 4°C. After two washes with
HEPES buffer, samples were treated with 2% uranyl acetate, washed again, and
dehydrated in increased concentrations of acetone for 10 min each time at 4°C.
Infiltration in resin was done at room temperature for 1 day. Polymerization of
infiltrated samples was done at 60°C for 3 days. Ultrathin sections (20 to 30 nm
thick) of the samples were stained with saturated uranyl acetate and lead citrate
by standard procedures. Collection of images from negative staining and ultra-
thin sections was done in a JEOL 1200-EX II electron microscope operating at
100 kV (25, 57).
DAPI staining. HeLa cells were grown to confluence in 12-well plates con-
taining 12-mm-diameter glass coverlips were either uninfected or infected with
WR, MVA, or NYVAC at 5 PFU/cell. Cells were stained at 24 h p.i. with
4,6-diamidino-2-phenylindole (DAPI; 10 g/ml) for 30 min at room tempera-
ture and photographed under a fluorescence microscope.
rRNA breakdown. HeLa cells cultured in six-well plates were mock infected or
infected with WR, MVA, NYVAC, or NYVAC-C7L at 5 PFU/cell. Total RNA
was isolated at 18 and 24 h p.i. using the Ultraspec-II RNA resin purification
system (Biotecx) following the manufacturer’s instructions. Fractionation of
rRNA was performed by electrophoresis in 1% agarose formaldehyde gel con-
taining 2 g of total RNA per lane. Breakdown of rRNA was visualized after
staining the gel with ethidium bromide.
Measurement of apoptotic cell death by cell cycle analysis. The different stages
of the cell cycle and the percentage of cells with sub-G0 DNA content were
analyzed by propidium iodide (PI) staining (38). Briefly, HeLa cells were infected
at 5 PFU/cell with WR, MVA, NYVAC, or NYVAC-C7L in the presence or
absence of the general caspase inhibitor zVAD-fmk (40 M; Calbiochem).
Mock-infected cells were used as a negative control. At 24 h p.i., cells were
removed by pipetting, washed once with cold PBS, and permeabilized with 70%
ethanol in PBS at 4°C overnight. After three washes with PBS, the cells were
incubated for 45 min at 37°C with RNase A and stained with PI (10 g/ml). The
percentage of cells with hypodiploid DNA content was determined by flow
cytometry. Data were acquired for 15,000 cells per sample and analyzed as
described above, and the results are expressed as fold increase in apoptotic cells
with respect to uninfected cells.
Virus pathogenicity. Groups of 10-week-old female BALB/c mice (n  4 per
group) were inoculated intranasally (i.n.) with different challenge doses of
NYVAC or NYVAC-C7L (106 to 108 PFU/mouse) or with 106 PFU/mouse of
WR (diluted in 50 l of PBS). The mortality and body weight loss were moni-
tored for at least 2 weeks, with daily measurements of individual animals. Ani-
mals suffering from severe systemic infection and having lost 	25% body weight
were sacrificed. The mean change in body weight was calculated as the percent-
age of the mean weight for each group on the day of challenge.
RESULTS
NYVAC infection triggered more severe CPE than MVA in
permissive and nonpermissive cell lines. Infection with VV
induces dramatic changes in cell functions, metabolism, and
morphology, all of which are collectively termed the CPE (2, 4,
6). In order to characterize the CPE produced by the VV
strains WR, NYVAC, and MVA, monolayers of different cell
lines (permissive and nonpermissive) were infected at 5 PFU/
cell with each virus and the extent of CPE was analyzed by
phase-contrast microscopy at different times postinfection. The
particle/PFU ratios determined in the different viral prepara-
tions were 302 for MVA, 272 for NYVAC, and 310 for WR,
demonstrating the same infectivity of the purified viruses.
Characteristics such as cytoplasmic contraction, cell rounding,
and cell detachment were monitored. The cell lines infected
with NYVAC (HeLa, BHK-21, BSC-40, and 3T3), indepen-
dently of the host restriction, exhibited evident cell rounding as
early as 2 h p.i. Representative findings are shown for HeLa
cells (Fig. 1). During the course of NYVAC infection, the CPE
increased with time, and by 24 h p.i, a high level of cell de-
tachment was noted. The same effects were observed in
NYVAC-infected cells treated with Ara C, a drug that blocks
DNA replication (not shown). In contrast, the CPE was de-
layed and significantly reduced in cells infected with MVA
(Fig. 1). The morphology of the CPE in NYVAC-infected
cells, but not in WR or MVA infections, at late times was
reminiscent of apoptosis.
Virus growth of MVA and NYVAC in permissive and non-
permissive cell lines. Deletion of two of the host range genes
K1L and C7L in the NYVAC genome is associated with a
reduced ability of the virus to replicate within a broad range of
cell lines of human origin, as well as rabbit kidney and pig
kidney cells (48, 71). Nonetheless, NYVAC can replicate with
wild-type efficiency in Vero cells and primary CEF (69, 70).
The host range phenotype observed with MVA includes a
characteristic late block upon nonproductive infection of many
mammalian cells, with unimpaired viral DNA replication and
late gene expression (67, 76). As previously described, the
restriction exhibited by MVA in nonpermissive cell lines is a
consequence of a defect in virus morphogenesis (11, 17, 39).
The restriction observed in NYVAC may also be due to a
defect in virus morphogenesis or virus spread. To analyze the
viral growth characteristics of MVA and NYVAC under per-
missive and nonpermissive conditions, monolayers of BHK-21
and HeLa cells were infected at 0.01 PFU/cell with each virus
for 0, 24, 48, and 72 h. Infectious viruses that remained cell-
associated and were released to the medium during the course
of the infection were measured by an immunostaining assay.
For comparative purposes, we used the replication-competent
WR strain. In HeLa cells infected with WR, the virus titer
increased with time more than 10,000-fold, while there was no
increase in virus titer with either MVA nor NYVAC infection
(Fig. 2A and B). In contrast, under permissive conditions, the
growth kinetics of the three virus strains were similar (Fig. 2C
and D). Interestingly, the titers of cell-associated virus in
BHK-21 cells infected with NYVAC were lower than the titers
obtained in cells infected with WR or MVA (Fig. 2C). This
finding was consistent in three independent experiments. The
results of Fig. 2 demonstrate that under nonpermissive condi-
tions, there is a similarly restricted production of infectious
viral particles in NYVAC- and MVA-infected cells, while un-
der permissive conditions, the total viral yields are not affected.
Nonetheless, the virus that remains cell associated late in in-
fection is reduced in NYVAC-infected cells compared to that
in MVA- or WR-infected cells. This reduction is probably
the consequence of the severe cell destruction that followed
NYVAC infection (see Fig. 1).
Protein synthesis during NYVAC and MVA infection. In
order to compare the shutoff and kinetics of synthesis of viral
proteins in permissive and nonpermissive cell lines infected
with MVA and NYVAC, BHK-21 and HeLa cells were in-
fected at 5 PFU/cell with each virus, and at 2, 4, 8, and 16 h p.i.,
the infected cells were metabolically labeled for 30 min with
[35S]Met-Cys Promix. Cell lysates were fractionated by SDS-
PAGE, and the protein pattern examined by autoradiography.
As shown in Fig. 3A, in BHK-21 cells infected with MVA and
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NYVAC, the pattern of viral proteins and the shutoff of cel-
lular proteins occur with similar kinetics between the two vi-
ruses, although some differences were noted in protein abun-
dance. This was confirmed by Western blot analysis from the
same cell homogenates. Accumulation of viral proteins during
infection was reduced in NYVAC-infected cells compared with
MVA-infected BHK-21 cells (Fig. 3C). In HeLa cells infected
with NYVAC or MVA, a similar pattern of viral proteins was
observed between the two viruses, while the shutoff was more
pronounced in cells infected with NYVAC late in infection
(Fig. 3B). Some differences were also noted in protein abun-
dance between NYVAC and MVA, a finding confirmed by
Western blot analysis (Fig. 3D). The accumulation of viral
proteins in NYVAC-infected permissive and nonpermissive
cells was reduced compared with that in MVA-infected
cells, which could be due to a defect in translation or tran-
scription or a cell lysis effect. It is well established that
phosphorylation of the  subunit of the eukaryotic transla-
tion initiation factor 2 (eIF-2) on serine 51 leads to the
downregulation of translation initiation (62). As such, we
determined whether NYVAC infection alters this initiation
step. Thus, the levels of phospho-eIF-2-S51 in BHK-21 and
HeLa cells infected with MVA or NYVAC were determined
by immunoblot analysis with specific anti-eIF-2-S51 anti-
body. As shown in both cell lines (Fig. 3E and F), a low level
of phosphorylated eIF2- was detectable in mock-infected
cells and at early times after NYVAC or MVA infection.
However, with time of infection there was an increase in
eIF2- phosphorylation in cells infected with NYVAC but
not in cells infected with MVA. The increase in eIF2-
phosphorylation correlates with the shutoff of host protein
synthesis, suggesting that levels of viral proteins in NYVAC-
infected cells could be compromised by the extent of eIF2-
phosphorylation induced by the virus.
FIG. 1. CPE of MVA and NYVAC in human cells. Monolayers of HeLa cells were mock infected or infected at 5 PFU/cell with WR, MVA,
or NYVAC. At different times postinfection, as indicated in the figure, the morphological changes in the cells were examined by phase-contrast
microscopy. Mock, uninfected cells.
6036 NA´JERA ET AL. J. VIROL.
 at Centro Nacional de Biotecnología - Biblioteca on O
ctober 15, 2007 
jvi.asm.org
D
ow
nloaded from
 
Differences in late viral proteins between MVA and NYVAC
infection in nonpermissive cells. Poxvirus gene expression is
regulated in a cascade manner. As such, early genes are tran-
scribed immediately following infection by enzymes and tran-
scription factors contained within the infecting virion, while
late and intermediate genes are transcribed after the start of
viral DNA replication (13, 41, 45). Consequently, in view of the
translational control exerted by phosphorylation of eIF-2 dur-
ing NYVAC infection, we next determined if the translation of
specific early and late viral genes was blocked. This was ana-
lyzed by Western blotting in cell lysates of BHK-21 and HeLa
cells infected with WR, MVA, or NYVAC, using different
antibodies that specifically recognized the early viral protein
p25 (E3L) and the late viral proteins p14 (A27L), p21 (A17L),
p16 (A14L), p39 (A4L), and p27.5 (L1R). As shown in Fig. 4A,
under permissive conditions, early and late viral proteins were
efficiently detected in lysates of cells infected with WR, MVA,
or NYVAC. However, under nonpermissive conditions, appar-
ent differences in specific proteins were observed between
NYVAC and MVA. Early viral proteins were efficiently de-
tected in lysates of cells infected with the three viruses. In
contrast, late viral proteins that corresponded to the gene
products of A27L, A17L, and L1R were not detected in the
lysates of cells infected with NYVAC, while in lysates from
cells infected with MVA or WR, all proteins were produced.
Interestingly, other late proteins such as p16 (A14L) and p39
(A4L) were efficiently detected in NYVAC-infected cells. Sim-
ilar results were confirmed by confocal immunofluorescence
analysis (data not shown).
To determine a possible defect at the transcriptional level,
we analyzed early and late transcription of viral genes in WR-,
MVA-, and NYVAC-infected HeLa cells. For this purpose,
total RNA was isolated at 24 h p.i. and mRNA levels of a
specific viral early gene (E3L) and a late viral gene (A27L)
FIG. 2. Virus growth of MVA and NYVAC in permissive and nonpermissive cell lines. Monolayers of HeLa and BHK-21 cells were infected
at 0.01 PFU/cell with WR, MVA, or NYVAC for 0, 24, 48, and 72 h. Cells were collected by centrifugation, and infectious virus associated with
the cells (A and C) and released to the supernatant (B and D) during the course of the infection was quantified by immunostaining assay. For
comparative purposes, we used the replication-competent WR strain. Averages of three independent experiments are shown with standard error
bars.
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were monitored by RT-PCR. As shown in Fig. 4B, the tran-
scription of both early and late viral genes occurred similarly in
all infections.
Due to the extensive read-through that characterized tran-
scription of late viral mRNAs, we analyzed in more detail the
integrity of the A27L mRNA using primer extension analysis.
As shown in Fig. 4C, the same cDNA product of 263 bp was
identified using total RNAs isolated from NYVAC- and WR-
infected HeLa cells. Thus, failure to produce some of the
NYVAC late proteins appeared to be a consequence of a block
in translation and was not due to a specific inhibition of late
viral transcription.
Since it has been established that mutants of VV lacking one
of the late proteins p21 (A17L), p14 (A27L), or p27.5 (L1R)
are blocked at different stages in viral morphogenesis (59, 66),
the absence of these proteins in NYVAC-infected cells is likely
to lead to a blockade in viral morphogenesis. Thus, we next
analyzed the morphogenetic process during NYVAC and MVA
infection in nonpermissive cells.
Morphogenesis of NYVAC is blocked at the IV formation in
HeLa-infected cells. The morphogenesis of MVA under per-
missive and nonpermissive conditions has been widely studied
(14, 25, 42, 63, 67). The stage at which this process is blocked
is dependent on the cell type. In HeLa cells, the blockade of
the morphogenetic program of MVA occurs in steps following
the formation of immature viral forms (IVs), without an alter-
FIG. 3. Protein synthesis during NYVAC and MVA infection. Monolayers of BHK-21 (A) and HeLa (B) cells were mock infected (M) or
infected at 5 PFU/cell with MVA or NYVAC. At the indicated times (h p.i.), cells were metabolically labeled for 30 min with [35S]Met-Cys Promix
(50 Ci/ml) and equal amounts of proteins were analyzed by SDS-PAGE (10%) and autoradiography. The dots on the right indicate prominent
viral proteins. (C and D) Western blot showing expression of VV antigens during the time course of MVA and NYVAC infection in infected
BHK-21 (C) and HeLa (D) cells. The blot was probed with a rabbit polyclonal antiserum (1:500 dilution) raised against live VV. Numbers
appearing under each lane represent the ratio of intensity of the bands in infected cells to levels in uninfected cells, as determined by densitometric
analyses. (E and F) Western blot analysis of total eIF2- and phospho-eIF-2-S51 protein levels during the time course of MVA and NYVAC
infection in infected BHK-21 (E) and HeLa (F) cells.
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ation in early or late viral gene expression (25, 63). In contrast,
studies based on NYVAC morphogenesis are unavailable. To
characterize this process under nonpermissive conditions,
HeLa cells were infected at 5 PFU/cell with NYVAC or MVA.
At 16 h p.i., the infected cells were examined by transmission
electron microscopy for the presence of intermediates in viral
morphogenesis. As shown in Fig. 5A, fewer IVs were detected
in the cytoplasm of NYVAC-infected cells than in MVA-in-
fected cells (Fig. 5B). Intracellular mature viruses were mini-
mally detected in NYVAC-infected HeLa cells, suggesting that
the blockade of the morphogenetic program of this virus oc-
curs in steps at or prior to the formation of IVs.
Transmission electron micrographs of HeLa cells infected
with NYVAC also revealed the severity of virus infection in the
cell ultrastructure. As shown in Fig. 5 (panels C, D and E),
morphological hallmarks of apoptosis, including chromatin
condensation and margination, marked nuclear invagination,
and cytoplasmic vacuolization, were observed. None of these
characteristics was seen in cells infected with MVA or WR, as
previously noted (25).
Infection with NYVAC induces apoptosis in human cells
with activation of caspases and breakdown of rRNA. The re-
sults shown in Fig. 1 and 5 prompted us to question the extent
to which NYVAC infection was responsible for an apoptotic
phenotype. The cleavage of PARP commonly occurs in apop-
totic cells by the activation of caspases (56). Therefore, PARP
cleavage was analyzed by Western blotting of HeLa cells in-
fected with MVA or NYVAC at different times postinfection.
As shown in Fig. 6A, the 116-kDa PARP present at early times
postinfection was almost completely cleaved (89 kDa) in cells
infected with NYVAC at 16 h p.i. In contrast, the cleavage of
PARP did not take place or was minor in MVA-infected cells.
Apoptotic cells are also characterized by the presence of frag-
mented DNA in their nuclei. Thus, infected HeLa cells were
further stained with DAPI reagent and analyzed by fluores-
cence microscopy. As shown in Fig. 6B, numerous HeLa nuclei
displayed apoptotic morphology (chromatin condensation and
disintegration) at 24 h p.i. in cells infected with NYVAC. In
contrast, a very low percentage of all the cells infected with
MVA presented this phenotype. These results were further
supported by an enzyme-linked immunosorbent assay-based
FIG. 4. Expression of specific viral proteins under permissive and
nonpermissive conditions. (A) Monolayers of BHK-21 and HeLa cells
were mock infected (M) or infected at 5 PFU/cell with WR, MVA, or
NYVAC, and cell extracts were analyzed by Western blotting. Cell
lysates were harvested at 24 h p.i., and equal amounts of proteins were
fractionated by SDS-PAGE, transferred to nitrocellulose paper, and
reacted with different antibodies recognizing specific viral early pro-
teins, such as p25, and viral late proteins, such as p27.5, p21, p14, p39,
or p16. (B) Transcription of early and late viral genes. The transcrip-
tion of E3L and A27L genes was determined by RT-PCR from total
RNAs as described in Materials and Methods. Total RNA from un-
infected cells and DNA extracted from MVA-infected cells were used
as the negative (Mock) and positive (C) control, respectively. (C)
Primer extension product obtained using 2 g of total RNA isolated
from HeLa cells either uninfected (Mock) or infected at 5 PFU/cell
with WR or NYVAC for 16 h. The sizes of the peaks from the
GeneScan-500 ROX internal lane standards are shown (in base pairs).
The arrows indicate the primer extension products (VIC-labeled
cDNA) for the A27L gene. Peak height is a measure of fluorescence
intensity and indicates the strength of the VIC signal. The peak heights
for each sample were 177 for NYVAC (A), 164 for WR (B), and 55 for
mock infected (not shown).
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assay that detects the amount of cytoplasmic histone-associ-
ated DNA fragments (data not shown).
To quantify the percentage of cell death following infection,
we used flow cytometry. When these cells are stained with
propidium iodide, apoptotic cells show reduced levels of fluo-
rescence compared to normal cells and appear in the sub-
G0/G1 peak (18). Thus, HeLa cells were infected at 5 PFU/cell
with WR, MVA, or NYVAC in the presence or absence of
zVAD (a general caspase inhibitor). At 24 h p.i., the infected
cells were stained with propidium iodide followed by cell cycle
analysis using flow cytometry. Mock-infected HeLa cells were
used as a negative control. As shown in Fig. 6C, approximately
42% of cells infected with NYVAC were present in the sub-
G0/G1 peak, which represents an increase of nearly sevenfold
with respect to uninfected cells, in comparison with the 17.6%
and 9.3% obtained in MVA- or WR-infected cells, respec-
tively. In the presence of zVAD, the percentage of apoptotic
cells was significantly reduced (3.67%), demonstrating that the
apoptosis induced by NYVAC infection is caspase dependent.
The activation of nucleases appears to be a final commit-
ment step in the apoptotic process. Thus, we next examined the
effect of nuclease activation on rRNA integrity. Total RNA
was isolated from infected and mock-infected cells and frac-
tionated by formaldehyde-agarose gel electrophoresis. As
shown in Fig. 6D, the bands corresponding to 28S and 18S
rRNA were intact in those samples from mock-, WR-, or
MVA-infected cells. In contrast, in NYVAC-infected cells
there was breakdown of rRNA. The rRNA fragments gener-
ated by NYVAC infection were similar to those produced after
activation of the enzyme RNase L (not shown). Clearly, by 24 h
p.i. NYVAC induces severe rRNA cleavage. These biochemi-
cal findings indicate a remarkable apoptotic process during
NYVAC infection.
FIG. 5. Electron microscopy of NYVAC morphogenesis in HeLa cells. (A and B) Electron micrographs of HeLa cells infected with 5 PFU/cell
of NYVAC (A) or with 5 PFU/cell of MVA (B) at 16 h p.i. The magnification of each panel is indicated by bars in the upper right corner.
Characteristics of apoptosis in NYVAC-infected cells are shown in panels C to E. (C) An infected cell with nuclear condensation (white asterisk).
(D) Cytoplasm of an infected cell with extensive vacuolation (black asterisks). (E) Cytoplasm of an infected cell with dense mitochondria
(arrowheads). Bars  500 nm.
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The viral C7L gene blocked apoptosis induced by NYVAC
infection and rescued the biological and biochemical proper-
ties assigned to NYVAC. Critical parts of the cellular antiviral
response range from the induction of apoptosis and the global
inhibition of translation to effectively dampening virus produc-
tion (64). Since NYVAC was generated by target deletion of 18
genes, including the host range (Hr) gene C7L, and Hr genes
have been implicated in apoptosis (74), it was of interest to
know whether reintroduction of C7L in the NYVAC genome
could rescue some of the biological properties of NYVAC
assigned in this study. To this aim, the C7L gene from MVA
was used for the generation of the recombinant virus NYVAC-
C7L. Because our data demonstrated that NYVAC infection
triggered programmed cell death in HeLa cells, we asked
FIG. 6. Infection with NYVAC induces apoptosis in nonpermissive HeLa cells. (A) Western blot analysis of PARP cleavage in HeLa cells
infected with 5 PFU/cell of MVA or NYVAC at different times postinfection. (B) DAPI staining of HeLa cells infected with 5 PFU/cell of MVA
and NYVAC at 24 h p.i. (C) Monolayers of HeLa cells were infected at 5 PFU/cell with WR, MVA, or NYVAC in the presence or absence of
zVAD (40 M). At 24 h p.i., the infected cells were stained with propidium iodide followed by cell cycle analysis using a flow cytometer to detect
cells with hypodiploid DNA content. Untreated HeLa cells were used as a negative control (Mock). Bars represent the fold increase in apoptotic
cells with respect to mock infected. The percentage of apoptotic cells is indicated over the bars. Similar results were obtained in two independent
experiments. (D) rRNA breakdown. HeLa cells were mock infected or infected with WR, MVA, or NYVAC at 5 PFU/cell. Total RNA was isolated
at 18 and 24 h p.i., and 2 g of each was applied for electrophoresis. The arrows indicate bands corresponding to characteristic degradation
products of rRNA.
VOL. 80, 2006 C7L GENE AND POXVIRUS VACCINE CANDIDATES MVA AND NYVAC 6041
 at Centro Nacional de Biotecnología - Biblioteca on O
ctober 15, 2007 
jvi.asm.org
D
ow
nloaded from
 
whether NYVAC-C7L was capable of inhibiting apoptosis. We
monitored apoptosis by assessing morphological changes,
cleavage of PARP, rRNA degradation, and cell cycle assays.
The morphological signs of apoptosis observed in NYVAC-
infected HeLa cells were not evident after infection with
NYVAC-C7L (Fig. 7A). In addition, the recombinant virus
was able to prevent cleavage of PARP (Fig. 7B), reduced the
percentage of cells in apoptosis (Fig. 7C), and inhibited the
breakdown of rRNA (Fig. 7D). These observations clearly
revealed that the C7L gene is involved in the control of apop-
tosis induced by NYVAC infection. Since during NYVAC
infection the enhanced shutoff correlated with eIF2- phos-
phorylation, we next investigated the role of C7L in transla-
tional control by measuring phosphorylation of eIF2- and
expression of p14 (A27L) and p21 (A17L) late viral proteins.
As shown in Fig. 8A, in NYVAC-C7L-infected HeLa cells
there was rescue in the synthesis of late viral proteins (p14 and
p21) at 24 h p.i. compared with parental NYVAC infection and
the levels of phosphorylated eIF2- were similar to those in
MVA-infected cells. This rescue in the synthesis of late viral
proteins is likely to favor virus replication in the human cells.
Thus, the viral growth efficiency of NYVAC-C7L in HeLa cells
was measured. Monolayers of HeLa cells were infected at 0.01
PFU/cell with NYVAC or NYVAC-C7L, and at times 0, 24,
FIG. 7. The apoptotic phenotype of NYVAC is inhibited by the expression of the virus C7L host range gene. Monolayers of HeLa cells were
infected with recombinant NYVAC-C7L or with MVA or the NYVAC wild type (WT) at 5 PFU/cell. (A) The morphology of cells in apoptosis
was observed by phase-contrast microscopy. (B) Western blot analysis of PARP cleavage in HeLa cells infected with WR, MVA, NYVAC, or
NYVAC-C7L at 24 h p.i. (C) Monolayers of HeLa cells were infected at 5 PFU/cell with NYVAC or NYVAC-C7L. At 24 h p.i., the infected cells
were stained with propidium iodide followed by cell cycle analysis using a flow cytometer to detect cells with hypodiploid DNA. Uninfected HeLa
cells (Mock) were used as a negative control. Bars represent the fold increase in apoptotic cells with respect to mock infected. (D) rRNA
breakdown. HeLa cells were infected with NYVAC or NYVAC-C7L at 5 PFU/cell. Total RNA was isolated at 18 and 24 h p.i., and 2 g of each
was applied for electrophoresis. The arrows indicate bands corresponding to characteristic degradation products of rRNA.
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48, and 72 h, cells were collected in the media and virus titers
in cell homogenates were determined by immunostaining assay.
As shown in Fig. 8B, reintroduction of the C7L gene in the
NYVAC genome rescues the ability of this virus to replicate in
HeLa cells. To define if the introduction of the C7L gene in
NYVAC alters the attenuated phenotype of the virus, BALB/c
mice were infected by the i.n. route with different challenge
doses of NYVAC or NYVAC-C7L (from 106 to 108 PFU/
mouse) or with 106 PFU of WR as a control. Animals were
monitored for lethality and weight loss over a period of 2
weeks. In contrast to WR infection, which caused drastic body
weight loss and severe signs of illness, infection of mice with
NYVAC or with the recombinant NYVAC-C7L did not lead
to any obvious disease, even at the highest dose used (Fig. 8C).
These results revealed that reintroduction of the C7L gene into
the backbone of NYVAC maintains an attenuated phenotype
of the recombinant virus. Thus, the findings of Fig. 7 and 8
demonstrate that most, if not all, of the biological and bio-
FIG. 8. The VV C7L gene rescued NYVAC translation capacity and virus growth in human cells but retained the attenuated phenotype in vivo.
(A) Expression of total and phospho-eIF2- and late viral proteins (p21 and p14) in HeLa cells uninfected (Mock) or infected with 5 PFU/cell
of WR, MVA, NYVAC, or NYVAC-C7L at 24 h p.i. was analyzed by Western blotting. (B) Monolayers of HeLa cells were infected at 0.01
PFU/cell with NYVAC or NYVAC-C7L virus for 0, 24, 48, and 72 h. Cells were collected by centrifugation, and infectious virus associated with
the cells during the course of the infection was quantified by immunostaining assay. Two independent experiments are shown with standard error
bars. (C) BALB/c mice (n  4) were inoculated by the i.n. route with different challenge doses of either NYVAC or NYVAC-C7L (from 106 to
108 PFU/mouse) or with 106 PFU/mouse of WR. Body weight was monitored daily and is expressed as the mean for each group. Animals suffering
from severe systemic infection and having lost 	25% body weight were sacrificed (black cross). The graph represents the values obtained using
the highest dose of NYVAC and NYVAC-C7L (108 PFU/mouse) and the low dose (106 PFU/mouse) of WR.
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chemical features of NYVAC infection that we have observed
in this study are largely due to the lack of the C7L gene.
DISCUSSION
There is major interest in the use of poxviruses as vaccine
vectors and as oncolytic agents against a broad spectrum of
diseases, due to their ability to trigger specific immune re-
sponses leading to protection in animal models and their ca-
pacity to destroy tumor cells (24, 41). Live attenuated strains,
such as MVA, NYVAC, ALVAC, and fowlpox virus, which
have been modified to be less virulent and to exhibit a specific
phenotype, are the most extensively studied vectors. The ra-
tional design of such vaccines requires detailed information on
vector-host cell interactions and how viral genomic modifica-
tions impact the biology and immunogenicity of the poxvirus
vectors (35). Currently, a number of clinical trials are under
way by EuroVacc (www.eurovacc.org) as well as other organi-
zations with the two attenuated poxvirus vectors NYVAC and
MVA (8, 9). As such, it is crucial to understand the behavior of
the two vectors in both in vitro and in vivo systems. In this
work, we carried out an in vitro head-to-head comparison of
the cellular and biochemical properties between NYVAC and
MVA in nonpermissive and permissive cultured cells.
Several biological differences between both strains in vitro
were evident. The first significant difference involves the CPE
produced by NYVAC compared with WR and MVA strains.
This CPE was observed early in NYVAC infection in a range
of permissive and nonpermissive cell lines, indicating that CPE
is independent of the host range restriction and was main-
tained even when DNA replication was blocked by the drug
Ara C. As reported by previous authors, the induction of early
cell rounding is dependent on early viral protein synthesis (2, 3,
5). Consequently, Tsung and coworkers demonstrated the ab-
sence of CPE in cells infected with a VV strain inactivated by
psoralen and long-wave UV light, a treatment that affects
the transcription of early viral genes (73). Although WR and
NYVAC induced a similar CPE at early times postinfection
from 2 to 6 h p.i., NYVAC-infected cells displayed a more
pronounced cell rounding than WR-infected cells. The CPE
induced by MVA was minor compared to those induced by
WR and NYVAC. The reduced CPE by MVA may be attrib-
uted to the fact that MVA has lost 15% of its parental genome
and could be related to the absence of some early viral proteins
encoded by the deleted genes. We discard the possibility that
these effects could be due to differences in the number of virus
particles used to infect cells, since the particle/PFU ratios for
the three virus preparations were similar.
The second significant difference between NYVAC and
MVA includes the amount of virus that remains cell associated
late in infection. As has been shown by other studies, the
growth of MVA (14, 20) and NYVAC (69) is restricted in
HeLa cells; however, both strains can be grown in BHK-21
cells. Interestingly, as shown here, the titers of cell-associated
virus in BHK-21 cells infected with NYVAC were consistently
lower than the titers obtained in cells infected with WR or
MVA. This result might be linked with the pronounced CPE
induced in NYVAC-infected cells, as the structures of some
organelles involved in virus morphogenesis, such as the Golgi
apparatus, were altered at early times postinfection. The lower
cell-associated viral yields obtained in NYVAC-infected cells
under permissive conditions could explain the difficulties en-
countered by Gonin and coworkers in producing high titers of
a NYVAC recombinant (28).
A third significant difference observed between NYVAC
and MVA infection was in the synthesis of viral proteins and
the extent of phosphorylation of the translational initiation
factor eIF-2. In permissive and nonpermissive cell lines,
NYVAC infection produces a reduction in the kinetics of syn-
thesis and accumulation of viral proteins with time. Inhibition
of protein synthesis during NYVAC infection was associated
with an increase in the phospho-eIF-2-S51 levels. Since
eIF-2 is a key regulator of translation, our observations imply
that protein synthesis is more compromised during NYVAC
than MVA infection. Consequently, certain late viral proteins
such as p14 (A27L), p21 (A17L), or the L1R gene product
(p27.5) were not detected in nonpermissive cells infected with
NYVAC, while other late viral proteins required for early steps
in morphogenesis (59), such as p16 (A14L) or p39 (A4L), were
synthesized. The lack of synthesis of some late viral proteins
was not due to inhibition of transcription of these genes but
rather to a block at the translational level, as revealed by the
integrity of mRNAs for these genes in NYVAC-infected cells
determined by RT-PCR and primer extension (Fig. 4). The
fact that such proteins were not detected in cell lines in which
NYVAC growth was restricted (mouse 3T3 and human TK-
143 cells; data not shown), indicates that it is a feature of the
host restriction of this attenuated strain. Nonetheless, we can-
not exclude the possibility that trace amounts of these proteins
may be synthesized but are not detected by Western blotting or
by immunofluorescence analysis. These findings could be con-
sidered promising with regards to the safety of NYVAC, since
the virus is unable to synthesize the late viral proteins needed
for the correct assembly and formation of infectious viral par-
ticles under nonpermissive conditions.
A fourth variation obtained between MVA and NYVAC
infection is based on morphogenesis. The stage of infection in
which the block in the viral life cycle of both strains occurs is
dependent on the cell type. In cell lines of human origin such
as HeLa, MVA infection is blocked at late times postinfection,
while early and late viral protein syntheses are produced like in
permissive cells; MVA assembly is inhibited after IV formation
(25, 63, 67). In the case of NYVAC-infected HeLa cells, the
block in morphogenesis occurs at or prior to the formation of
IVs. This block could be related to the absence of certain late
structural proteins required for morphogenesis. Although this
study examined a limited number of late proteins, it is impor-
tant to note that some of the late proteins required for virus
assembly (59, 66), including p21 (A17L) and p27.5 (L1R), are
not produced or are produced minimally in NYVAC-infected
cells. Translational inhibition in the synthesis of some of the
late viral proteins in NYVAC-infected human cells could occur
at two levels. As shown here, NYVAC infection was associated
with an increase in the phospho-eIF-2-S51 levels and with
rRNA breakdown. The rRNA cleavage fragments were similar
in size to those produced after activation of the cellular RNase
L enzyme (not shown), indicating that NYVAC infection trig-
gered RNase L function. It is well established that eIF-2 phos-
phorylation and rRNA cleavage are two pathways that play a
critical role in the antiviral response of interferons and are
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activated by double-stranded RNA (dsRNA) (64, 77). Since
RNA breakdown should not discriminate between different
mRNAs in the cytoplasm of the cell, local activation of eIF-2
phosphorylation could, in turn, be responsible for the apparent
selective block in translation of some late viral proteins. As yet,
it has not been explored whether there is specificity in trans-
lation of late viral mRNAs at focal sites in the cell cytoplasm,
and the NYVAC-infected cell system could provide the means
to unravel translational selectivity.
A fifth important difference observed between MVA and
NYVAC was related to apoptosis. Upon infection with NYVAC,
HeLa cells display morphological and biochemical features
typical of apoptosis. In addition to the characteristic morpho-
logical hallmarks of programmed cell death observed by elec-
tron and light microscopy in NYVAC infection, and not in
MVA, biochemical parameters such us PARP cleavage or
DNA fragmentation were also evident. Flow cytometry analy-
sis of cells infected with MVA and NYVAC that had been
stained with propidium iodide revealed that the percentage of
apoptotic cells in MVA infection was significantly lower than in
NYVAC infection. Nearly 42% of NYVAC-infected cells dem-
onstrated an apoptotic phenotype by 24 h p.i. Furthermore,
these percentages were reduced to background levels when
infected cells were treated with zVAD, a general caspase in-
hibitor, indicating that the apoptosis induced by NYVAC in-
fection is caspase dependent.
Since apoptosis is an important mechanism for limiting virus
infection, it is not surprising that poxviruses encode certain
proteins to counteract the cell death phenomenon (7, 41, 65,
74). Some of the genes coding for these proteins critical for the
control of apoptosis, such as the serpin homologs encoded by
the gene B14R or B13R (the corresponding homologs of the
Copenhagen VV strain referred as MVA182R and 181R), are
deleted in both MVA and NYVAC (1, 36, 76). Other gene
products known to block apoptosis are encoded by E3L
(MVA050L) (acting through sequestration of dsRNA and pre-
vention of activation of PKR and the 2-5A system) (16, 26, 58)
and by F1L (MVA029L), an inhibitor of the mitochondrial
caspase 9-induced apoptosis (75). Both genes E3L and F1L are
present in NYVAC and MVA. Antoine and coworkers (1)
compared the genomes of MVA and NYVAC and their re-
spective deleted genes, which is detailed in Fig. 9. A compar-
ison between MVA and NYVAC revealed that both viruses
share common deleted or nonfunctional open reading frames
(ORFs), including the six ORFs within the deletion d4817
(C5L-N1L), ORFs B13R and B14R encoding the ICE inhibi-
FIG. 9. Scheme of deleted genes in MVA and NYVAC genomes. Genome maps of MVA and NYVAC strains adapted from Antoine et al.
(1) are represented. The deleted or fragmented genes in each genome are indicated. The right and left terminal regions are shown.
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tor, the ATI remnant ORF A26L, and the K1L (MVA022L)
host range gene. In contrast to NYVAC, the MVA strain has
a functional thymidine kinase gene (TK), an intact C7L
(MVA018L) host range gene, and intact C6L (MVA019L),
A56R (MVA165R), N2L (MVA021L), and I4L (MVA065L)
ORFs. This suggests that some of these genes might be in-
volved in the differential NYVAC in vitro behavior with re-
spect to MVA. As has been reported by others, the host range
genes for VV C7L, K1L, and cowpox virus CP77 in some cell
lines (including HeLa cells) behaved as equivalent genes, even
in the absence of amino acid similarity. Thus, deletion of one
host gene could be compensated for by the presence of an-
other, suggesting that these host range genes act in common
pathways (34, 51, 54, 55). As shown here, the viral C7L gene
plays a critical role in apoptosis induced by NYVAC in-
fection as well as in many of the biological and biochemical
features described in this work for NYVAC. When the C7L
gene was reintroduced into the NYVAC genome, the recom-
binant NYVAC-C7L virus lost the ability to trigger apoptosis,
to induce eIF-2 phosphorylation, and to activate rRNA
breakdown, and in turn it rescued the translation capacity of
late viral mRNAs and of virus multiplication in human cells.
Significantly, the recombinant NYVAC-C7L virus maintains
an in vivo attenuated phenotype. The fact that the C7L gene is
well conserved in all of the orthopoxvirus genomes that have
been sequenced highlights the importance of this gene in virus
biology by counteracting host responses (29).
The head-to-head comparative analysis performed in this
study between MVA and NYVAC not only will be a crucial
basis for eventual prioritization of the most promising vaccine
candidates based on these vectors, but also will be of great
significance to vaccine research for the development of new
innovative poxvirus vectors for clinical testing, providing en-
hanced immune responses to the foreign antigen by deletions
and/or additions of immunomodulators. This approach must
be applied and extended to the comparative analysis of the
different immune responses produced by recombinants based
on MVA or NYVAC strains. Mouse, monkey, and clinical
studies of head-to-head comparison between NYVAC and
MVA expressing the same cassette of HIV genes are under
way by EuroVacc (www.eurovacc.org). Undoubtedly, the dif-
ferential behavior observed in this study between NYVAC and
MVA could play a role in the magnitude and extent of immune
responses triggered by these vectors when applied for vaccina-
tion purposes.
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NYVAC has been engineered as a safe, attenuated vaccinia virus (VV) vector for use in vaccination against
a broad spectrum of pathogens and tumors. Due to the interest in NYVAC-based vectors as vaccines and
current phase I/II clinical trials with this vector, there is a need to analyze the human host response to NYVAC
infection. Using high-density cDNA microarrays, we found 368 differentially regulated genes after NYVAC
infection of HeLa cells. Clustering of the regulated genes identified six discrete gene clusters with altered
expression patterns. Clusters 1 to 3 represented 47.5% of the regulated genes, with three patterns of gene
activation kinetics, whereas clusters 4 to 6 showed distinct repression kinetics. Quantitative real-time reverse
transcription-PCR analysis of selected genes validated the array data. Upregulated transcripts correlated with
genes implicated in immune responses, including those encoding interleukin-1 receptor 2 (IL-1R2), IL-6,
ISG-15, CD-80, and TNFSF7. NYVAC upregulated several intermediates of apoptotic cascades, including
caspase-9, correlating with its ability to induce apoptosis. NYVAC infection also stimulated the expression of
NF-B1 and NF-B2 as well as that of NF-B target genes. Expression of the VV host range K1L gene during
NYVAC infection prevented NF-B activation, but not the induction of apoptosis. This study is the first overall
analysis of the transcriptional response of human cells to NYVAC infection and provides a framework for
future functional studies to evaluate this vector and its derivatives as human vaccines.
Attenuated strains of vaccinia virus (VV) were developed in
response to the need for safer vaccines (37). NYVAC is a
derivative of the VV Copenhagen strain in which 18 open
reading frames were specifically deleted from the parental viral
genome; genes involved in host range, virulence, and patho-
genesis were thus lost (49). NYVAC-derived vectors are able
to express antigens from a wide range of species (50). A num-
ber of examples have been reported, using NYVAC as a re-
combinant vaccine delivery system against pathogens and tu-
mors (5, 10, 31, 46). Clinical trials using NYVAC-based vectors
show a good safety profile, with induction of high levels of
immunity against heterologous antigens (24, 34).
Since phase I/II clinical trials using this vector are currently
under way, particularly for human immunodeficiency virus type
1 (HIV-1) (www.eurovacc.org), it is essential to obtain a com-
prehensive understanding of the effect of NYVAC infection on
human host gene expression (34). DNA microarray technology
allows monitoring of the expression of several thousand indi-
vidual genes (22) and has been used to identify the differential
expression of cellular genes in response to infection by several
animal viruses, including VV strains WR (Western Reserve)
and MVA (modified vaccinia Ankara) (15, 16, 29, 55).
Host genes that govern vital cell processes such as replica-
tion, transcription, and translation are downregulated during
the course of WR infection. The expression of genes involved
in apoptosis or the proteasome-ubiquitin degradation pathway
is also repressed; few genes are upregulated after WR infection
(15). A larger number of genes than that seen with WR is
upregulated during strain MVA infection; most encode im-
mune modulator proteins, some of which may be involved in
host resistance and immune modulation during MVA infection
(16). Wiskott-Aldrich syndrome protein (WASP) family mem-
bers are upregulated after MVA or WR infection (15, 16). This
family includes the gene that codes for the N-WASP protein,
implicated in the actin-mediated motility of VV as a mechanism
for intercellular viral spreading (8, 11). Additional studies show
that WASP is required for VV pathogenesis (17). The results of
microarray analysis have implicated cell signaling events and cell
proteins as important regulators of VV infection.
For this study, we used cDNA microarray technology to
analyze host gene expression changes in HeLa cell cultures
following NYVAC infection. This is the first large-scale anal-
ysis of the transcriptional response of HeLa cells to NYVAC
infection. It provides a better understanding of the mecha-
nisms of vaccine protection against VV infection and will aid in
the development of NYVAC recombinant-based vaccines against
pathogens and tumors.
MATERIALS AND METHODS
Cells, viruses, and infection conditions. HeLa cells (ATCC) were cultured in
Dulbecco’s medium supplemented with 10% newborn bovine serum and antibi-
otics. The VV WR strain was cultured in monkey BSC-40 cells, purified by
sucrose gradient banding, and titrated on BSC-40 cells by a plaque assay. The
NYVAC and MVA strains were cultured in BHK-21 cells, purified by sucrose
gradient banding, and titrated on BHK-21 cells by immunostaining of fixed
infected cultures with a polyclonal anti-VV protein antibody (12).
* Corresponding author. Mailing address: Centro Nacional de Biotec-
nologı´a/CSIC, Ciudad Universitaria Cantoblanco, 28049 Madrid, Spain.
Phone: (34) 91/585-4553. Fax: (34) 91/585-4506. E-mail: mesteban@cnb
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Microarray production. The Research Genetics 40K sequence-verified human
cDNA clone library (http://www.resgen.com/products/SVHcDNA.php3) was used to
generate cDNA arrays as described previously (15). Slides contained 15,360
cDNAs, of which 13,295 correspond to known genes and 2,065 correspond to
control genes. The cDNAs were printed on CMT-GAPS II slides (Corning) with
a Microgrid II apparatus (BioRobotics).
Microarray hybridization. Total RNA was isolated from purified NYVAC-
infected (5 PFU/cell) or mock-infected HeLa cells cultured in 10-cm plates, using
Ultraspect-II RNA (Biotecx). RNAs were then purified with Megaclear
(Ambion), and their integrity was confirmed using an Agilent 2100 bioanalyzer
(Agilent). Uninfected samples were isolated at each infection time point and
processed in parallel with infected cells. Two independent replicates were pro-
cessed for analysis. Total RNA (1.5 g for each replicate) was amplified using an
amino allyl MessageAmp aRNA kit (Ambion), and approximately 25 to 40 g of
amplified RNA (aRNA) was obtained. The mean aRNA size was 1,500 nucleo-
tides. For each sample, 5 g aRNA was labeled with Cy3 or Cy5 (CyDye
postlabeling reactive dye pack; Amersham) and purified. We measured Cy3 and
Cy5 incorporation using 1 l of probe in a Nanodrop spectrophotometer (Nano-
drop Technologies Inc.). For each hybridization, Cy3 and Cy5 probes (150 pmol
each) were mixed, dried in a Speed-Vac machine, and resuspended in 9 l of
RNase-free water. Two dye-swapped hybridizations were performed; in one, the
mock-infected sample was Cy3 labeled and the NYVAC-infected sample was
Cy5 labeled; in the second, the labeling was reversed. Double labeling was used
to abolish dye-specific labeling and hybridization differences. Slides were prehy-
bridized and hybridized as described previously (15, 16), dried by centrifugation,
and scanned on an Axon 4000B instrument (Axon). Images and raw data were
obtained using GenePix 5.0 software (Axon) and were processed using SOLAR
software (Bioalma, Spain). Briefly, the background was subtracted from the signal,
log10 (signal) values were plotted versus log2 (ratio) values, and Lowess normaliza-
tion was used to adjust most spots to a log ratio of 0. This was calculated for all four
replicates, and a table was obtained with mean signals, degrees of change, log ratios,
standard deviations of the log ratios, and z scores (40).
Gene expression analysis. The original data set, containing 13,295 clones per
slide, was prepared for clustering. Genes with an interreplicate standard devia-
tion of 1 were removed from the analysis. The resulting data set was reduced
to 8,722 transcripts that showed consistent expression values among the four
replicates. The z score (a measure of the proximity of one value [log ratio] to
other values with similar signals) was used to eliminate genes that did not show
significant expression under at least one experimental condition (40). Only genes
with a z score of 2 were thus selected for clustering. A new data set was created
with the 368 transcripts that passed the filter. After data preprocessing, genes
were clustered using Kohonen’s self-organizing map (25). The resulting seven-
by-five map was analyzed using the Engene software package (13) at http://www
.engene.cnb.uam.es.
Quantitative real-time RT-PCR. RNAs (1 g) were reverse transcribed using
the Superscript first-strand synthesis system for reverse transcription-PCR (RT-
PCR) (Invitrogen). A 1:40 dilution of the RT reaction mixture was used for
quantitative PCR. The primer and probe sets used to amplify the genes for
PCNT2, WASL, NF-B2, interleukin-7 (IL-7), IL-6, gamma interferon (IFN-),
CASP-9, ATF-3, GADD34, and APEXL2 were purchased from Applied Biosys-
tems. RT-PCRs were performed according to Assay-on-Demand, optimized for
TaqMan Universal PCR master mix with no AmpErase UNG (15, 16). All
samples were assayed in duplicate. Threshold cycle (CT) values were used to plot
a standard curve in which the CT decreased in linear proportion to the log of the
template copy number. Correlation values of standard curves were always99%.
Gel retardation assay. Nuclear extracts (3 g) from HeLa cells grown in
6-cm-well plates, either uninfected or infected with WR, MVA, or NYVAC at 5
PFU/cell, were analyzed using the synthetic [-32P]dCTP-labeled double-
stranded wild-type HIV enhancer oligonucleotide 5-AGCTTACAAGGGACT
TTCCGCTGGGGACTTTCCAGGGA-3, containing two B consensus motifs,
as described previously (3). For supershift assays, anti-p50 antibody (1 l; Santa
Cruz) was added 15 min before the labeled probe.
ELISA. IL-6 secreted into the medium of NYVAC-, MVA-, or WR-infected
HeLa cells (5 PFU/cell) in 12-well plates was measured with a quantitative human
IL-6 kit (BD Biosciences). Supernatants (100 l) from uninfected or infected HeLa
cells at 2, 6, and 16 h postinfection (hpi) were used for enzyme-linked immunosor-
bent assays (ELISAs). Captured IL-6 was quantified at 450 nm in a spectrophoto-
meter. Duplicate samples were measured in two independent experiments.
Apoptosis assay. HeLa cells cultured in 12-well plates were infected (5 PFU/
cell) with the indicated viruses and harvested at 24 hpi for determination of the
absorbance (405 nm). Cell death was detected with an ELISA kit (Roche) which
uses mouse anti-DNA and -histone monoclonal antibodies to estimate the
amount of cytoplasmic histone-associated DNA.
Western blotting. HeLa cells grown in six-well plates were infected (5 PFU/
cell) with WR, MVA, or NYVAC and collected, and cell extracts were prepared
at 2, 6, and 16 hpi by lysis in buffer (50 mM Tris-HCl, pH 8.0, 0.5 M NaCl, 10%
NP-40, 1% sodium dodecyl sulfate [SDS]) on ice for 5 min. Protein lysates (100
g) were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on
14% or 8% gels, transferred to nitrocellulose membranes, and incubated with the
following antibodies: anti-caspase-9 (Oncogene), -PARP (Cell Signaling), -actin
(Santa Cruz), -E3L (a gift from B. L. Jacobs), -A14L (43), -NF-B1, which
recognizes p105 and p50 (Santa Cruz), -IB (Santa Cruz), -ATF-3 (Santa
Cruz), -initiation factor 2-P (IF-2-P; Biosource), and -eIF-2 (Santa Cruz),
followed by secondary antibodies (mouse and rabbit peroxidase conjugates).
Protein expression was detected using ECL reagents (Amersham).
Immunofluorescence. HeLa cells cultured on coverslips were infected with
NYVAC or WR (5 PFU/cell). At 6 and 16 hpi, cells were washed with phosphate-
buffered saline, fixed with 4% paraformaldehyde, and permeabilized with 0.1%
Triton X-100 in phosphate-buffered saline (room temperature, 10 min). Cells were
incubated with the primary antibody anti-ATF-3, -caspase-9 (Calbiochem), -T7-tag
(Novagen), or -E3L, followed by fluorescein- or Texas red-conjugated isotype-
specific secondary antibodies and the DNA staining reagent ToPro (Molecular
Probes). Images were obtained using a Bio-Rad Radiance 2100 confocal laser
microscope.
Transfection assay. HeLa cells cultured on coverslips were infected (0.1 PFU/
cell) with NYVAC, and after 1 h, were transfected with the expression plasmid
pK1L (3 g DNA) using JetPEI (Q-Biogene). At 40 h posttransfection, cells
were fixed and analyzed by immunofluorescence. The pK1L expression plasmid
was derived from pMJ601 by insertion of the VV (WR strain) K1L gene, con-
taining the code for T7-Tag at the N terminus, under the transcriptional control
of the VV early-late promoter p7.5 (kindly provided by A. Alcamı´). The trans-
fection efficiency was approximately 80%, with 5% interexperiment variation.
RESULTS
Cellular gene expression pattern after NYVAC infection.
cDNA microarray technology was used to analyze the overall
changes in human cellular gene expression following NYVAC
infection. Due to the interest in NYVAC as a live recombinant
vaccine vector, it is important to define the effects of NYVAC
infection on human host gene expression. We thus used human
HeLa cells, as many fundamental studies in poxvirus biology
are based on this cell line.
We used chips carrying cDNAs from 13,295 human genes to
profile gene expression in HeLa cells which were mock in-
fected or infected for 2, 6, and 16 h. We analyzed mRNA
duplicates isolated at 2, 6, and 16 hpi in two independent
experiments and identified 368 genes that were differentially
expressed after NYVAC infection, which represent 2.8% of
the genes in the array. Following detailed analysis of their
profiles, we grouped these genes into six main clusters accord-
ing to their behavior at three time points during NYVAC
infection. The expression clusters of genes that were up- or
downregulated after infection and that passed the filtering
conditions are depicted in Supplementary Fig. 1 on our web-
site (http://www.cnb.uam.es/sguerra/JVirol/supplementary
.pdf). The clusters appear to represent specific regulation pat-
terns; the average profile for each cluster is shown in Fig. 1.
Clusters 1 to 3 correspond to three patterns of gene activa-
tion kinetics, whereas clusters 4 to 6 show distinct repression
kinetics. Cluster 1 contains 73 transcripts (20.16%) that are
upregulated during infection; this is the only cluster that shows
generalized induction from 2 to 16 hpi. Cluster 2 contains 58
transcripts (16.02%), including genes with induction main-
tained from 6 to 16 hpi that are unaffected at 2 hpi. Cluster 3
contains 41 transcripts (11.32%) that are upregulated at 6 hpi
but return to basal levels by 16 hpi. Cluster 4 contains 79
transcripts (21.82%) that are downregulated at 6 hpi and are
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unaltered at the other times studied. Clusters 5 and 6 contain
111 transcripts (30.7%); both show downregulation throughout
infection, with distinct profiles.
Representative human genes that are upregulated in NYVAC
infection (clusters 1 to 3) are classified according to their biolog-
ical functions in Table 1. Genes whose expression was repressed
after NYVAC infection represented 52.5% of the 368 genes;
examples of human genes downregulated by NYVAC in clusters
5 and 6 are detailed in supplementary Table 1 on our website
(http://www.cnb.uam.es/sguerra/JVirol/supplementary.pdf).
Confirmation of microarray data by quantitative real-time
RT-PCR. We used real-time RT-PCR to verify the transcrip-
tional changes in selected genes, as detected by microarray
analysis. We analyzed 10 genes, 6 of which were upregulated
(WASL, NF-B-2, CASP-9, ATF-3, GADD-34, and IL-6), 2 of
which were downregulated (IL-7 and IFN), and 2 of which
were unaltered (PCNT2 and APEXL); HPRT was used as an
internal control (Table 2). The assay was performed with the
same RNA samples from infected and uninfected HeLa cells
used in microarray experiments. The expression patterns and
relative mRNA abundances of the genes selected concurred
with the microarray data in all cases, with only slight variations,
validating the microarray results.
Target verification and activation of representative cell pro-
teins after NYVAC infection. Although changes in mRNA lev-
els do not necessarily represent changes in protein expression,
we used various approaches to analyze whether the gene ex-
pression changes detected by microarray analysis correlated
with protein levels and the activities of selected gene products.
(i) Caspase-9 activation. The caspase-9 gene was differen-
tially expressed following NYVAC infection (Tables 1 and 2);
thus, we analyzed the effect of the mRNA increase on the
protein level. Immunofluorescence experiments indicated that
transcriptional upregulation of caspase-9 after NYVAC infec-
tion corresponded with an increase in active caspase-9 protein
levels, confirming the microarray data. Whereas no active
caspase-9 signal was found in control or WR-infected HeLa
cells, a distinct punctate pattern was observed in NYVAC-
infected cells at 6 and 16 hpi (Fig. 2A). In addition, we used
Western blotting to measure the levels of procaspase cleavage
to activated caspase-9 in HeLa cells infected with NYVAC
compared to those in cells infected with other VV strains.
Caspase-9 activation was detected, with a 10-kDa cleavage
product from the 46-kDa procaspase. We observed a clear
increment in procaspase-9 and a notable increase in active
caspase-9 after NYVAC infection. In MVA-infected cells,
FIG. 1. Characteristic expression patterns represented in clusters 1 to 6. Mean values (left) and standard deviations (right) of the expression
profiles of genes assigned to each cluster are shown. Experimental points on the x axis are indicated as follows: 1 for 2 h, 2 for 6 h, and 3 for 16
hpi. The y axis shows normalized expression values. Each value in parentheses shows the percentage of genes in each cluster with reference to the
total of 368 differentially expressed genes.
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TABLE 1. Representative human genes in clusters 1 to 3 (upregulated by NYVAC)
Cluster, function, and gene name Accession no. Gene symbola
Change (fold) at indicated
time (hpi)
2.00 6.00 16.00
Cluster 1
Cell cycle, apoptosis
V-Jun avian sarcoma virus 17 oncogene homolog W96155 JUN 2.14 13.75 8.01
Activating transcription factor 3 H21042 ATF3 2.42 8.36 6.10
Caspase-9, apoptosis-related cysteine protease AA281152 CASP9 2.59 2.37 1.98
Dual-specificity phosphatase 2 AA759046 DUSP2 2.43 5.25 1.56
JunB proto-oncogene T99236 JUNB 1.96 2.64 1.65
Cytochrome P450, subfamily I (dioxin-inducible) N21019 CYP1B1 1.89 2.73 2.15
Cytoskeleton
Connective tissue growth factor AA598794 CTGF 4.24 11.45 5.14
Pleckstrin homology-like domain, family A, member 1 AA258396 PHLDA1 4.19 8.24 5.28
Pleckstrin homology-like domain, family A, member 1 AA258396 PHLDA1 3.85 5.22 4.11
Calcineurin-binding protein calsarcin-1 AA065090 CS-1 1.70 2.30 2.55
Kinesin family member 5A AA984728 KIF5A 1.89 5.45 4.64
Immune system
Tumor necrosis factor (ligand) superfamily, member 7 AI347622 TNFSF7 1.79 3.08 3.41
Coagulation factor III (thromboplastin, tissue factor) AI313387 F3 1.58 2.04 1.53
Interleukin-6 (interferon beta 2) N98591 IL6 2.02 5.85 2.68
Signaling
Early growth response 1 AA488533 EGR1 4.74 10.38 6.83
Nuclear factor kappa light polypeptide gene enhancer
in B cells 2 (p49/p100)
AA952897 NFKB2 1.53 2.02 1.79
Serum-inducible kinase AA460152 SNK 1.57 6.49 2.44
Tissue factor pathway inhibitor 2 AA399473 TFPI2 1.62 1.77 2.60
Brain-derived neurotrophic factor AA262988 BDNF 1.78 4.35 2.12
Small inducible cytokine subfamily A, member B AI268937 SCYA8 1.76 3.04 2.89
Miscellaneous
Nucleoporin, 88 kDa AA488609 NUP88 3.52 6.49 4.23
DHHC1 protein W80739 LOC51304 1.96 8.09 4.32
Ubiquitin-conjugating enzyme E2M AA449119 UBE2M 1.52 3.06 2.91
Prostagtandin-endoperoxide synthase 2 AA644211 PTGS2 1.80 2.90 2.68
Small nuclear ribonucleoprotein polypeptides B and B1 AA279662 SNRPB 1.66 2.85 2.87
Hypothetical protein A-211C6.1 N39229 LOC57149 1.55 2.74 2.54
Cluster 2
Adhesion and cytoskeleton
Collagen, type VII, alpha 1 AA598507 COL7A1 1.46 2.82 2.26
Tight junction protein 1 (zona occludens 1) H50344 TJP1 1.18 1.93 2.96
Protocadherin alpha 9 AA437139 PCDHA9 1.21 1.31 2.04
Cell cycle, apoptosis
Myeloid cell leukemia sequence 1 (BCL2-related) AA488674 MCL1 1.31 3.61 2.18
Growth arrest and DNA-damage-inducible 34 AA460168 GADD34 1.21 2.48 1.93
SRC homology three (SH3) and cysteine-rich domain AA031284 STAC 1.11 2.41 2.84
Growth arrest and DNA-damage-inducible 135 AA404666 GADD135 1.32 2.98 2.06
Mitochondrial translational release factor 1 AI347695 MTRF1 1.19 2.06 2.21
DnaJ (Hsp40) homolog, subfamily B, member 2 AA455298 DNAJB2 1.22 2.69 2.39
Ras homolog gene family, member E W86282 ARHE 1.08 2.68 2.35
GRO3 oncogene AA935273 GRO3 1.20 2.62 2.38
v-Myc avian myelocytomatosis viral oncogene homolog AA464600 MYC 1.05 2.93 1.65
v-Myc avian myelocytomatosis viral oncogene homolog W87741 MYC 1.08 2.93 1.59
v-Akt murine thymoma viral oncogene homolog 2; AA457097 AKT2 1.22 2.15 1.57
Murine leukemia viral (Bmi-1) oncogene homolog AA478036 BMI1 1.15 1.36 3.18
Immune system
CD80 antigen (CD28 antigen ligand 1, B7-1 antigen) AA983817 CD80 1.25 2.02 2.70
Interleukin-1 receptor, type II H78386 IL1R2 1.29 1.58 4.02
Interferon stimulated protein
Interferon-stimulated protein, 15 kDa AA406020 ISG15 1.21 1.14 3.39
Metabolism
Fatty acid desaturase 3 AI123992 FADS3 1.45 2.94 2.41
Carboxypeptidase A2 (pancreatic) AA844831 CPA2 1.48 2.83 3.45
Miscellaneous
Discs, large (Drosophila) homolog 1 AA521155 DLG1 1.24 2.16 2.80
CGI-20 protein R02578 LOC51608 1.22 2.11 2.94
Bromodomain, testis specific AA454222 BRDT 1.37 1.56 2.17
RNA binding motif protein 5 AA456007 RBM5 1.18 3.20 2.42
Continued on facing page
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weakly active caspase-9 was observed at 16 hpi, whereas there
was no evidence of active caspase-9 in WR-infected HeLa cells
at any time postinfection (Fig. 2B).
This apparent caspase activation in NYVAC-infected cells
prompted us to compare apoptosis in HeLa cells infected with
different VV strains. To measure apoptosis, we determined the
amount of cytoplasmic histone-associated DNA in mock-,
WR-, MVA-, or NYVAC-infected cells (Fig. 2C). As a positive
control, we infected HeLa cells with an inducible VV recom-
binant expressing protein kinase R (PKR) in an isopropyl-	-
D-thiogalactopyranoside (IPTG)-dependent manner, which
produces apoptosis (27). Apoptosis levels in NYVAC-infected
TABLE 1—Continued
Cluster, function, and gene name Accession no. Gene symbola
Change (fold) at indicated
time (hpi)
2.00 6.00 16.00
Spermidine/spermine N1-acetyltransferase AA598631 SAT 1.20 2.51 2.62
Spermidine/spermine N1-acetyltransferase AA011215 SAT 1.20 2.47 2.25
Splicing factor, arginine/serine-rich 10 AI583623 SFRS10 1.19 4.41 3.21
CBP/p300-interacting transactivator 2 AA115078 CITED2 1.19 4.86 1.87
Solute carrier family 2, member 3 AA406552 SLC2A3 1.43 2.12 1.77
RAE1 (RNA export 1, from Schizosaccharomyces pombe) homolog AA504128 RAE1 1.39 2.07 1.82
Apg12 (autophagy 12, S. cerevisiae)-like AA251737 APG12L 1.17 2.70 2.07
Discs, large (Drosophila) homolog 1 H24708 DLG1 1.35 1.89 3.15
Signaling
Nuclear factor kappa light polypeptide gene enhancer AA451716 NFKB1 1.19 2.13 1.92
A kinase (PRKA) anchor protein (gravin) 12 AA478543 AKAP12 1.43 4.55 2.86
Phorbol-12-myristate-13-acetate-induced protein 1 AA458838 PMAIP1 1.10 2.46 2.93
Glutamate receptor, ionotropic, N-methyl D-aspartate 2D AI565972 GRIN2D 1.30 2.36 2.24
Receptor tyrosine kinase-like orphan receptor 2 N94921 ROR2 1.26 1.68 2.46
Immediate-early response 3 AA457705 IER3 1.44 1.38 2.99
Prostaglandin E receptor 3 (subtype EP3) AA406362 PTGER3 1.29 1.22 4.32
Solute carrier family 17 (sodium phosphate) H60423 SLC17A2 1.29 1.60 2.14
Adaptor-related protein complex 3, delta 1 subunit AA630776 AP3D1 1.18 2.05 2.34
Translation and transcription
Splicing factor (CC1.3) H47069 CC1.3 1.24 2.36 2.40
Splicing factor (CC1.3) AA171948 CC1.3 1.04 1.89 2.26
Splicing factor, proline/glutamine-rich AA425853 SFPQ 1.09 1.69 2.55
Wiskott-Aldrich family
Wiskott-Aldrich syndrome-like protein AI261600 WASL 1.22 1.62 2.60
Cluster 3
Adhesion and cytoskeleton
Claudin 1 AA194833 CLDN1 1.48 2.29 1.30
Catenin (cadherin-associated protein), alpha 1 (102 kDa) AA676957 CTNNA1 1.76 2.20 1.48
Collagen, type III, alpha 1 COL3A1 COL3A1 1.19 2.03 1.09
Cadherin 18, type 2 AA865745 CDH18 0.27 2.17 1.24
Cell cycle, apoptosis
BCL2-associated athanogene AI017240 BAG1 1.06 2.05 1.32
FOS-like antigen 1 T89996 FOSL1 1.19 2.08 
1.10
CDC10 (cell division cycle 10, S. cerevisiae), homolog AA633993 CDC10 1.07 3.76 1.45
Transforming growth factor beta-stimulated protein TSC-22 AA664389 TSC22 1.20 3.16 1.41
Transformer-2 alpha (hTra-2 alpha) AA701944 HSU53209 1.25 2.05 1.46
Signaling
Delodinase, iodothyronine, type II AA864322 DIO2 1.17 3.86 1.40
Mitogen-activated protein kinase kinase 3 H08749 MAP2K3 1.73 2.15 1.47
Phosphatidylinositol-4-phosphate 5-kinase, type I, gamma AA482251 PIP5K1C 1.25 2.17 1.36
Phosphatidylinositol-4-phosphate 5-kinase, type I, alpha AA255881 PIP5K1A 1.08 2.31 1.44
Immune system
Insulin-like growth factor binding protein 3 AA598601 IGFBP3 1.14 4.58 1.56
Chemokine (C-X-C motif), receptor 4 (fusin) T62636 CXCR4 1.47 2.40 1.41
Inhibitor of growth 1 family, member 1 N33574 ING1 1.49 2.24 1.76
Coagulation factor III (thromboplastin, tissue factor) AI313387 F3 1.31 2.23 1.39
Miscellaneous
Serum/glucocorticoid-regulated kinase AI375353 SGK 1.12 2.89 1.41
Cofactor required for Sp1 transcriptional activation N92735 CRSP6 1.19 2.11 1.49
Tryptophan 2,3-dioxygenase T72398 TDO2 1.26 2.12 1.44
Transiation and transcription
Slug (chicken homolog), zinc finger protein H57310 SLUG 1.07 3.29 1.47
Eukaryotic translation initiation factor 5A H99842 EIF5A 1.10 2.78 1.14
Zinc finger protein 274 AI085519 ZNF274 1.07 2.08 1.33
a Representative human gene targets of NF-B are underlined.
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cells at 24 hpi were similar to those in VV-PKR-infected cells.
Apoptosis was not detected in mock- or WR-infected cells,
whereas low apoptosis levels were found after MVA infection.
Altogether, these results indicated that NYVAC upregulates
several intermediates of apoptotic cascades, in correlation with
the ability of this virus to induce apoptosis.
(ii) Activation of effector caspases. Apoptosis is mediated by
the activation of caspase-8 or -9, leading to the activation of
effector caspases-3 and -7, which cleave specific substrates, includ-
ing PARP-1. This enzyme catalyzes the formation of poly(ADP-
ribose) polymers on acceptor proteins involved in the mainte-
nance of chromatin structure, which indicates activation of the
apoptotic cascade (47). To study apoptosis induction after
NYVAC infection, we measured the kinetics of apoptosis in
Western blot analysis by the detection of PARP-1, using an
antibody that recognizes both the full-length and the cleaved
protein. As shown in Fig. 3A, the 89-kDa cleaved PARP-1
fragment became evident at 16 hpi. As a control of infection,
we measured the virus gene expression patterns of represen-
tative early (E3L) and late (A14L) VV proteins (Fig. 3A).
By phase-contrast microscopy, we monitored apoptosis induc-
tion in WR-, MVA-, or NYVAC-infected HeLa cells (5 PFU/
cell). A characteristic apoptotic phenotype was manifested at 16
hpi in NYVAC-infected cells, defined by the rounded, floating,
phase-bright, and wrinkled shape of the cells (Fig. 3B). At 16 hpi,
a nonapoptotic phenotype was observed in WR- and MVA-in-
fected cells (Fig. 3B). WR produced a pronounced cytopathic
effect, including a change in cell morphology from an elongated
spindle-shaped form to a rounded form. Compared to WR, MVA
produced a minor cytopathic effect, with a characteristic bipolar
phenotype as described previously (12).
(iii) Enhanced NF-B expression and activation. To further
validate the microarray data, we measured NF-B1 by Western
blotting of NYVAC- compared to mock-, WR-, or MVA-in-
fected HeLa cells, using an antibody that recognizes both the
p105 and p50 subunits of NF-B1 (Fig. 4A). In WR-infected
cells, NF-B1 protein levels (p105 and p50) were similar to
those in mock-infected cells. In MVA- and NYVAC-infected
cells, the NF-B1 signal was higher than that in mock- or
WR-infected cells due to enhanced NF-B1 expression, as
shown by microarray analysis (Table 1). To evaluate whether
the NYVAC-induced increase in NF-B component mRNA
and protein expression corresponded to NF-B activation, nu-
clear extracts from mock-, NYVAC-, MVA-, or WR-infected
HeLa cells were incubated with radiolabeled oligonucleotides
containing a consensus NF-B binding site sequence and an-
alyzed by electrophoretic mobility shift assays (EMSAs). The
MVA and NYVAC strains activated NF-B at 6 and 16 hpi,
whereas NF-B activation was not observed in WR-infected
nuclear extracts at 6 and 16 hpi (Fig. 4B). NYVAC-infected
HeLa cells at 16 hpi produced a specific complex that showed
a supershift when a specific anti-NF-B p50 antibody was
added to nuclear extracts. NYVAC produced an increase in
NF-B protein levels and transcription factor activity (Fig. 4A
and B). NF-B translocation from the cytoplasm to the nucleus
is governed by IB degradation; we thus evaluated IB
levels by Western blotting of cytoplasmic extracts from mock-,
WR-, MVA-, or NYVAC-infected cells at 4 hpi. IB was
localized in the cytoplasm in mock- and WR-infected cells
(Fig. 4C), whereas cytoplasmic IB was greatly reduced in
MVA- and NYVAC-infected cells, concurring with NF-B ac-
tivation in the nucleus (Fig. 4B).
NF-B plays an important role in the expression of inflam-
matory cytokines, including IL-6 (21). To correlate NF-B
activation with IL-6 expression, we used ELISA to quantify the
levels of secreted IL-6 in WR-, MVA-, or NYVAC-infected
HeLa cells at 2, 6, and 16 hpi. We observed a strong IL-6
increase over time after MVA or NYVAC infection. The in-
crease in IL-6 protein levels following NYVAC infection is in
complete agreement with the upregulation of IL-6 mRNA
levels detected by microarray analysis and real-time RT-PCR
(Tables 1 and 2). IL-6 synthesis is augmented due to the in-
crease in transcription, which results in higher levels of protein
translation and secretion. When HeLa cells were infected with
WR, we did not observe NF-B activation, and IL-6 was not
detected by ELISA in cell-free supernatants (Fig. 4B and D).
NF-B activation by NYVAC infection occurs by 2 hpi (ob-
served by IL-6 secretion in Fig. 4D) and before apoptosis
induction (observed at 16 hpi by PARP-1 cleavage in Fig. 3).
(iv) Enhanced expression of ATF-3 transcription factor.
NF-B pathway activation contributes to the transcription of
NF-B-dependent genes, such as ATF-3 (activating transcrip-
tion factor 3), which is specifically upregulated after NYVAC
or MVA infection and unaltered by WR infection. ATF-3
protein levels increased after NYVAC infection compared to
those in mock-, WR-, or MVA-infected HeLa cells (Fig. 5A,
upper panel). More-than-fourfold increases in ATF-3 protein
levels were evident at 6 and 16 hpi in NYVAC-infected cells
compared to controls, as determined by densitometric analyses
(data not shown). These data concur with microarray and real-
time RT-PCR results. In an immunofluorescence assay, whereas
ATF-3 was nearly undetectable in uninfected and WR-infected
cells, there was a clear increase in ATF-3 staining intensity
after NYVAC infection, with a mainly nuclear and perinuclear
localization (Fig. 5B).
Phosphorylation of the  subunit of eukaryotic initiation
factor 2 (eIF-2) enhances the transcription of genes involved
in stress-sensing pathways, such as the genes for ATF-4,
GADD34, and GADD153 (57). NYVAC infection induced
mRNA expression of the GADD34 (Tables 1 and 2) and
GADD153 (Table 1) genes, suggesting that eIF-2 may be
phosphorylated after NYVAC infection. To determine the ef-
fect of NYVAC infection on eIF-2 phosphorylation, we mea-
TABLE 2. Confirmation of microarray data by real-time RT-PCR
Gene
product
Fold change at indicated time (hpi)
Microarray RT-PCR
2 6 16 2 6 16
IL-6 2.02 5.85 2.68 3.2 4.65 3.25
WASL 1.22 1.62 2.6 2.6 2.03 4.3
NF-B2 1.53 2.02 1.79 1.68 2.87 2.06
IL-7 0.80 0.55 0.88 0.95 0.63 0.79
IFN- 1.08 0.95 0.74 1.20 0.96 0.85
APEXL2 1.18 1.0 1.45 1.01 0.98 1.25
PCNT2 1.01 1.30 1.07 1.10 1.28 1.20
CASP-9 2.59 2.37 1.98 2.98 3.02 2.10
GADD-34 1.21 2.48 1.93 1.90 2.82 1.80
ATF-3 2.42 8.36 6.10 2.31 9.21 5.69
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FIG. 2. NYVAC-induced apoptosis in HeLa cells. (A) Protein validation of microarray data by immunofluorescence analysis of the effect of
NYVAC infection on caspase-9 distribution in HeLa cells. Mock-, WR-, or NYVAC-infected cells were incubated at the indicated times with an
anti-caspase-9 antibody (Calbiochem) that recognizes the active form of caspase-9, followed by the appropriate conjugated secondary antibody and
the ToPro reagent. The samples were analyzed by confocal immunofluorescence microscopy. (B) Activation of caspase-9 after WR, MVA, or
NYVAC infection. Total proteins (100 g) were separated by SDS-PAGE, transferred to nitrocellulose, and immunoblotted at various times (6
and 16 hpi) with an anti-caspase-9 antibody (Oncogene) that recognizes the procaspase and the cleaved active form of caspase-9. Caspase-9
presented a proform (46 kDa) that it is cleaved into a heterodimer of 35-kDa and 10-kDa chains. The molecular sizes (in kilodaltons) of the
proteins are indicated on the right. Actin levels revealed that the same amount of protein was loaded into each lane. (C) Apoptosis assays after
WR, MVA, or NYVAC infection determined the amount of cytoplasmic histone-associated DNA by ELISA. HeLa cells grown in 12-well plates
were infected (5 PFU/cell) with the viruses indicated and harvested at 24 hpi for determinations with an ELISA kit of the absorbance at 405 nm.
As a positive control for apoptosis, we used VV-PKR-infected HeLa cells. Duplicate samples were measured in two independent experiments.
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FIG. 3. Apoptosis induction kinetics during NYVAC infection. (A) Time course of PARP-1 cleavage during NYVAC infection. HeLa cells
were infected with NYVAC, and at the indicated times, total proteins (100 g) were separated by SDS-PAGE, transferred to nitrocellulose, and
immunoblotted with anti-PARP-1, which recognizes both the full-length and the cleaved protein. An 89-kDa cleavage product of PARP-1 was
observed at 16 hpi. As a measure of infection, we used immunoblotting to visualize the viral proteins E3L and A14L. The molecular sizes (in
kilodaltons) of the proteins are indicated on the right. Actin levels showed that the same amount of protein was loaded in each lane. (B) Apoptotic
phenotype of NYVAC-infected HeLa cells. Monolayer cultures of HeLa cells were left uninfected or infected (5 PFU/cell) with the different VV
strains for 16 h, and the apoptotic phenotype was visualized by phase-contrast microscopy. NYVAC-infected cells showed characteristic apoptosis,
defined by a rounded, floating, phase-bright, wrinkled shape.
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FIG. 4. NYVAC-induced NF-B signaling. (A) Validation of microarray data by NF-B protein levels and comparison between WR, MVA,
and NYVAC infections. Total proteins (100 g) were separated by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with anti-NF-
B1 antibody at various times (6 and 16 hpi). Actin levels indicated that the same amount of protein was loaded into each lane. The molecular
sizes (in kilodaltons) of the proteins are indicated on the right. (B) Autoradiogram of NF-B activity, determined by EMSA performed with nuclear
extracts of mock-, MVA-, and NYVAC-infected HeLa cells at the indicated times. WR, nuclear extract from WR-infected HeLa cells at 16 hpi.
The arrow indicates the 32P-labeled NF-B/DNA complex and the nonspecific signal, and the asterisk indicates the supershift of NF-B after
incubation of the nuclear extracts with the 32P-labeled probe and anti-p50 antibody. (C) I degradation kinetics of WR-, MVA-, and
NYVAC-infected HeLa cells. Cytoplasmic extracts were prepared, as previously described (45), from uninfected and poxvirus-infected (5
PFU/cell) HeLa cells. I levels were detected by immunoblotting at 4 hpi. The molecular sizes (in kilodaltons) of the proteins are indicated on
the right. Actin levels indicated that the same amount of protein was loaded into each lane of the gel. (D) Levels of IL-6 secreted from WR-, MVA-,
and NYVAC-infected HeLa cells (5 PFU/cell), as determined by ELISA. Protein levels of IL-6 in supernatants of infected cells were measured
at 2, 6, and 16 hpi. Duplicate samples were measured in two independent experiments.
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sured specific eIF-2 phosphorylation at Ser-51 by Western
blotting of mock-, WR-, MVA-, or NYVAC-infected HeLa
cells. Clear eIF-2 phosphorylation was observed at 6 and 16
hpi in NYVAC-infected cells but not in WR- or MVA-infected
cells (Fig. 5A, lower panels). Thus, we found a correlation of
enhanced ATF-3 expression at the mRNA and protein levels
and enhanced GADD34 and GADD153 expression at the
RNA level with eIF-2 phosphorylation, suggesting that these
stress pathways could be involved in apoptosis induction by
NYVAC infection.
VV K1L gene prevents NF-B activation but not apoptosis
induction after NYVAC infection. The VV K1L host range
gene acts as an NF-B inhibitor (45). Since NYVAC lacks the
K1L gene, we analyzed whether apoptosis induction and
NF-B activation by NYVAC can be inhibited by the K1L
gene. NYVAC-infected HeLa cells were transfected with a
plasmid containing the K1L gene with a T7-Tag tag or with a
control empty plasmid (pC), and apoptosis was measured by
immunofluorescence. The K1L gene is necessary for VV rep-
lication in RK13 cells (38, 41), and after infection-transfection,
we confirmed that the transfected K1L gene rescued the host
range by producing plaques in RK13 cells (data not shown).
Apoptotic cells were counted based on the characteristic in-
crease in nucleus granularity and the appearance of apoptotic
bodies. Cells were costained with E3L antibody to detect VV,
ToPro for DNA detection, and anti-T7-Tag to detect trans-
fected cells. The apoptotic phenotype of K1L-transfected
NYVAC-infected cells was comparable to that found in the
absence of K1L (not shown). We observed similar numbers of
apoptotic cells after K1L expression as for pC-transfected cells
(Fig. 6A), indicating that the K1L gene was not responsible for
the apoptotic phenotype after NYVAC infection. To analyze
the ability of K1L to repress NF-B activation after NYVAC
infection, we used ELISA to quantify secreted IL-6, an indi-
cator of NF-B activity, in supernatants from NYVAC-in-
fected HeLa cells that were untransfected or transfected with
pC or pK1L. We observed a marked decrease in secreted IL-6
in NYVAC-infected HeLa cells after pK1L transfection
(Fig. 6B). This result indicated that K1L expression inhibits
NF-B activity in NYVAC-infected cells.
DISCUSSION
Poxvirus vector technology has provided reagents for high-
level expression of proteins for vaccine use. Due to their in-
fection efficiencies, high gene product expression levels, and
safety, attenuated poxvirus vectors are useful for gene delivery
in immunotherapy (10, 35). NYVAC is a highly attenuated VV
strain, generated by the specific deletion of 18 open reading
frames from the viral genome, which affects host range, viru-
lence, and pathogenesis genes (32, 49, 50). This vector has
been applied as a recombinant vaccine delivery system in an-
imal models and target species, including humans (34, 37).
NYVAC-based vectors have been analyzed as vaccines for
several tumors (23, 46) and are protective against pathogens
such as retroviruses (5, 10, 31), Japanese encephalitis virus
(24), and Plasmodium falciparum (34). The potential use of
variola virus as a biological weapon requires the development
of safer smallpox vaccines, using attenuated VV strains such as
MVA and NYVAC (4, 9).
FIG. 5. ATF-3 protein expression is induced by NYVAC infection.
(A) Levels of ATF-3, phosphorylated eIF2 at Ser-51, and total eIF2
were measured by immunoblot analysis of extracts of HeLa cells after
WR, MVA, and NYVAC infection. Total proteins (100 g) were
separated by SDS-PAGE, transferred to nitrocellulose, and immuno-
blotted with anti-ATF-3, anti-phosphorylated-eIF2, or anti-eIF2 an-
tibody at various times (6 and 16 hpi). The molecular sizes (in kilo-
daltons) of the proteins are indicated on the right. The antibody
against ATF-3 recognizes two or three bands, depending on the run-
ning conditions, perhaps as a result of posttranslational modifications
of the transcription factor, which can be cell dependent. (B) Immuno-
fluorescence analysis of the effect of NYVAC infection on ATF-3
distribution in HeLa cells. Mock-, WR-, and NYVAC-infected cells
were labeled with anti-ATF-3 (Santacruz) at the indicated times, fol-
lowed by the appropriate conjugated secondary antibody and ToPro
reagent. The samples were analyzed by confocal immunofluorescence
microscopy.
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The use of these vectors as vaccines requires a better un-
derstanding of the impact of NYVAC infection in the human
host, including the identification of differentially regulated
genes and their functions. Using high-throughput cDNA mi-
croarray screening of over 15,000 genes in NYVAC-infected
HeLa cells, we identified transcriptional alterations in a de-
fined subset of human genes. When grouped into functional
categories, a large proportion of altered transcripts were from
genes involved in apoptosis, adhesion, cytoskeletal architec-
ture, cell cycling, and immune modulation.
Apoptosis is regarded as an innate cellular response that
limits virus propagation. The importance of apoptosis as an
antiviral defense against poxvirus infection is suggested by the
finding that a number of poxvirus genes encode proteins that
interfere with apoptosis in specific cell types (30, 39). During
NYVAC infection, we found an upregulation of the caspase-9
gene, an apoptosis-linked gene. Increased caspase-9 protein
levels reflected an increase in caspase-9 activity and effector
caspases, as determined by the appearance of a cleavage prod-
uct from the target 89-kDa PARP-1 protein. Although we
detected caspase-9 activation at 6 hpi, as shown by cleavage of
the 46-kDa procaspase, apoptosis and PARP-1 cleavage were
not evident until 16 hpi. These temporal differences in NYVAC-
induced apoptosis may be due to distinct target specificities and
the sequence of biochemical events. The role of apoptosis in
poxvirus biology is not well understood; previous studies of
K1L gene-defective viruses found no correlation between ap-
optosis suppression and virus growth (7), and similar results
were obtained by inactivation of the cowpox virus crmA gene
(42). CrmA/SPI-2 is the best-characterized apoptosis modula-
tor encoded by poxvirus family members; it inhibits apoptosis
by preventing caspase-8 activity (51, 56). An antiapoptotic
function was previously described for the VV E3L gene prod-
uct that blocks PKR activity (27, 29) and was recently shown
for the viral protein F1L, which inhibits mitochondrial release
of cytochrome c, which is essential for apoptosis induction (48,
52). B13R and B14R, encoding the interleukin-1	-converting
enzyme inhibitor, are also involved in antiapoptotic functions
(39, 49). Since the antiapoptotic genes F1L and E3L are
present in the NYVAC genome, other genes with antiapop-
totic functions, such as B13R and B14R or others with un-
known functions that are absent in NYVAC, may be the cause
for apoptotic induction of this virus. Our results indicate that
the K1L gene does not act as an inhibitor of apoptosis during
NYVAC infection, as we did not observe a blockade of apop-
tosis by ectopic expression of this gene (Fig. 6).
With regard to immune modulators, our microarray exper-
iments showed NF-B upregulation, which induces the tran-
scription of several genes that encode cytokines or are essential
for immune response activation (14, 21). NF-B forms a het-
erodimer composed of 50- and 65-kDa subunits (p50 and p65)
which is retained in the cytoplasm by its inhibitor, I. Spe-
cific stimuli cause proteolytic degradation of I in the cyto-
plasm and subsequent NF-B protein translocation to the nu-
cleus, where it transactivates certain genes (14, 21). Our
microarray data indicated upregulated expression for both NF-
B1 and NF-B2 messengers during NYVAC infection
(Table 1). NF-B2 upregulation was confirmed by real-time
RT-PCR. The increase in NF-B1 mRNA corresponded to
increased levels of the p105 and p50 proteins (Fig. 4A). NYVAC
infection also upregulated NF-B transcriptional activity (Fig.
4B). NF-B was activated early in infection, although EMSA
did not detect activation at 2 hpi, when upregulation of IL-6,
an indicator of NF-B activation, was observed by real-time
FIG. 6. K1L is necessary for NF-B inhibition but not for apoptotic induction in NYVAC infection. (A) Ectopic K1L expression in NYVAC-
infected HeLa cells does not inhibit apoptosis during NYVAC infection. HeLa cells grown on coverslips were infected with NYVAC at 0.1
PFU/cell, and at 1 hpi, cells were transfected (3 g) with an expression plasmid containing the K1L gene with T7-Tag (pK1L) or with an empty
control plasmid (pC). At 40 h posttransfection, cells were fixed and processed to measure apoptosis by immunofluorescence, using antibodies
directed against the E3L protein (red), T7-Tag (green), and ToPro for DNA staining (blue). The ratios of infected apoptotic cells to infected
nonapoptotic cells were determined by counting (about 2,000 cells per experiment); each point represents the average of two independent
experiments. (B) Ectopic K1L expression inhibits NF-B activation in NYVAC infection. Levels of IL-6 secreted from cells infected and
transfected as described above were quantified by ELISA. Duplicate samples were measured in two independent experiments.
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RT-PCR and microarray analysis. The NF-B activation path-
way contributes to the transcription of B-dependent genes.
Many transcripts upregulated by NYVAC are known NF-B
target genes (Table 1), although other B-dependent genes
such as TNF, A20, CCL2, CXCL1, and IL-8 were not upregu-
lated during NYVAC infection. In view of the dual NF-B-
activating effect and apoptotic phenotype triggered by NYVAC
infection, it is not surprising to find that not all of the NF-B-
dependent genes are upregulated by virus infection. One of the
NF-B-dependent genes that is upregulated is ATF-3, a stress-
inducible gene that encodes an ATF/CREB transcription fac-
tor (18, 19, 28). Recent reports describe the effect of ATF-3 in
apoptosis induction (20, 53); ATF-3, considered a proapop-
totic factor, might be involved in apoptosis activation in
NYVAC-infected cells, although its physiological relevance in
this system remains to be established. NYVAC infection also
induced mRNAs such as those encoding GADD34 and
GADD153, whose activation is eIF-2 phosphorylation depen-
dent; eIF-2 phosphorylation in NYVAC infection was con-
firmed by Western blotting (Fig. 5A).
MVA, another attenuated VV strain, also activates NF-B
(16, 36). NF-B activation mediated by NYVAC and MVA
may reflect the loss of a specific viral gene from the parental
viral genome, deleted during the generation of MVA and
NYVAC. Indeed, the K1L gene was deleted in NYVAC (49),
and the viral K1L protein inhibits NF-B activation by prevent-
ing I degradation (45). Since both the MVA and NYVAC
genomes lack K1L, which is present in VV, we studied the
effect of the absence of K1L on NF-B activation by measuring
IL-6 levels in NYVAC-infected HeLa cells transfected with an
expression plasmid bearing the K1L gene. IL-6 levels were
considerably lower in K1L-expressing cells than in control-
transfected cells, indicating that K1L inhibits NF-B activity
during NYVAC infection (Fig. 6B). K1L inhibition of NF-B
activity was independent of NYVAC-induced apoptosis, as
indicated by counting NYVAC-infected apoptotic cells ex-
pressing K1L (Fig. 6A).
Although NF-B activation and apoptosis induction might
be negative factors in the NYVAC cycle, the triggering of these
mechanisms may favor a better immune response to a recom-
binant vector. NF-B activation from a recombinant NYVAC
infection should stimulate and amplify the immune response
against recombinant products and facilitate clearance of the
vector. The role of apoptosis in the immune response is still
unclear, but antigens produced by apoptotic cells are reported
to increase antigen immunogenicity (54). Dendritic cells that
phagocytose apoptotic bodies from virus-infected cells can
present viral antigens to cytotoxic T cells, inducing a cytotoxic
response (1). It remains to be defined whether apoptosis in-
duced by a NYVAC-based vector increases antigen immuno-
genicity in comparison with that induced by MVA vectors or
NYVAC vectors unable to induce apoptosis by gene targeting.
We compared expression profiles of representative genes
obtained in this study with those obtained from MVA infec-
tions (16) (Table 3). In infected HeLa cells, one group of genes
is upregulated by both MVA and NYVAC, whereas others are
TABLE 3. Representative gene expression profiling of MVA and NYVAC infections of human HeLa cellsa
Expression profile and gene product name Gene symbol
Fold change with MVA Fold change withNYVAC
2 hpi 6 hpi 16 hpi 2 hpi 6 hpi 16 hpi
Increased in MVA and NYVAC infections
Early growth response 1 EGR1 4.17 4.60 1.94 4.74 10.38 6.83
Nuclear factor (erythroid-derived 2)-like 3 NFE2L3 2.36 2.36 2.52 1.19 2.13 1.32
Nuclear factor kappa light polypeptide 2 NFKB2 2.03 2.22 2.34 1.53 2.02 1.79
Interleukin-6 IL6 2.65 2.14 1.56 2.02 5.85 2.68
Interferon-stimulated protein, 15 kDa ISG15 2.57 2.25 1.61 1.21 1.14 3.39
CD80 antigen CD80 1.75 2.58 2.06 1.25 2.02 2.7
Dual-specificity phosphatase 5 DUSP5 3.01 2.91 1.87 1.98 4.16 2.18
JunB proto-oncogene JUNB 2.93 3.92 1.06 2.16 2.14 1.32
v-Jun avian sarcoma virus 17 oncogene homolog JUN 2.17 2.02 1.31 2.14 13.75 8.01
v-Myc avian myelocytomatosis viral oncogene homolog MYC 2.22 1.53 1.05 1.05 2.93 1.65
Activating transcription factor 3 ATF3 1.78 1.98 0.99 2.42 8.36 6.10
Dual-specificity phosphatase 2 DUSP2 3.93 3.59 1.85 2.43 5.25 1.56
Connective tissue growth factor CTGF 5.77 4.51 1.12 4.24 11.45 5.14
Kinesin family member 5A KIF5A 2.05 1.88 1.73 1.89 5.45 4.64
Increased in MVA infection
Interleukin-7 IL7 6.1 5.3 3.2 0.80 0.55 0.88
B7 protein B7 1.97 1.75 3.53 1.58 1.58 1.78
CD47 antigen CD47 5.35 4.08 3.16 1.02 0.76 1.03
Mitogen-activated protein kinase kinase 5 MAP2K5 2.37 2.74 1.69 1.02 0.76 1.03
Nuclear factor kappa light polypeptide epsilon NFKBIE 2.41 1.61 1.12 1.18 1.27 1.42
Nuclear factor of activated T cells, cytoplasmic 3 NFATC3 3.46 2.97 1.30 1.01 1.34 1.34
Increased in NYVAC infection
Caspase-9, apoptosis-related cysteine protease CASP9 1.1 0.82 0.32 2.59 2.37 1.98
Nucleoporin (88 kDa) NUP88 0.87 0.93 0.92 3.52 6.49 4.23
Pleckstrin homology-like domain, family A, member 1 PHLDA1 1.01 0.95 0.99 4.19 8.24 5.28
a MVA data are from a previous report (16).
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upregulated selectively by MVA or NYVAC. Both viruses trig-
ger cellular transcription factors, including NF-B, Myc, c-Jun,
ATF-3, DUSP2, and CTGF, and cell adhesion molecules such
as the kinesin KIF5C. EGR1 (early gene response 1) was also
upregulated by MVA and NYVAC, as also reported for MVA-
E3L-infected HeLa cells (29), and the MEK/ERK/RSK2/
Elk-1/EGR-1 signaling pathway is necessary for VV multipli-
cation (2). The immunomodulatory molecules IL-6, ISG15,
and CD80 were upregulated in NYVAC- and MVA-infected
cells, whereas IL-7, IL-1A, IL-8, and IL-15 were upregulated
after MVA but not NYVAC infection. This indicates that
MVA and NYVAC induce distinct proinflammatory cytokine
profiles in vitro. In HeLa cells, WR infection also upregulates
CD80 (15), but IL-6 and ISG15 upregulation is specific to
MVA and NYVAC infections. ISG15 was first identified as an
interferon-stimulated gene (6, 26) that affects IFN-/	 signal
transduction; its expression increases markedly after viral in-
fection (16, 33, 55). IFN-/	-induced ISG15 activation sug-
gests a role for ISG15 in the innate immune response to viral
infection (44).
In view of our findings, we propose that NYVAC infection
activates a sequence of survival and apoptotic responses in the
injured cell. NYVAC induces NF-B activation early in infec-
tion and will trigger the expression of several gene classes, each
of which might be required at different times of infection for
cell survival. The NF-B-activated early signals will not be able
to overcome the cell death process caused by the virus infec-
tion, and cells will ultimately die by apoptosis. Some of the
NF-B-induced genes, such as ATF-3, together with other
stress signals, such as GADD34 and GADD153 and other un-
known signals, might promote apoptosis. Since apoptosis is a
late event in NYVAC infection, most of the virus cycle will be
completed, and hence the contribution of apoptosis to virus
replication will be minimized. While the poxvirus genome en-
codes several genes that antagonize apoptosis and NF-B ac-
tivation, it is likely that these virus genes have a major impact
on the evasion of the immune system by the virus rather than
on virus growth in culture. We demonstrated that the K1L viral
protein prevented NF-B activation but not apoptosis induc-
tion in NYVAC infection, although the viral gene(s) involved
in NYVAC-induced apoptosis remains unknown.
Overall, our results provide a basis for future functional
evaluations of the NYVAC vector for use in human vaccines.
Gene expression profiling permits detailed analyses of the im-
pact of poxvirus vectors on immune system target cells after
vaccination and the development of more effective poxvirus
vaccines against a broad spectrum of pathogens and tumors.
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bstract
In this investigation we have generated and defined the immunogenicity of two novel HIV/AIDS vaccine candidates based on the highly
ttenuated vaccinia virus strains, MVA and NYVAC, efficiently expressing in the same locus (TK) and under the same viral promoter the
odon optimized HIV-1 genes encoding gp120 and Gag-Pol-Nef antigens of clade B (referred as MVA-B and NYVAC-B). In infected human
eLa cells, gp120 is released from cells and GPN is produced as a polyprotein; NYVAC-B induces severe apoptosis but not MVA-B. The
wo poxvirus vectors showed genetic stability of the inserts. In BALB/c and in transgenic HHD mice for human HLA-A2 class I, both
ectors are efficient immunogens and induced broad cellular immune responses against peptides represented in the four HIV-1 antigens. Some
ifferences were observed in the magnitude and breadth of the immune response in the mouse models. In DNA prime/poxvirus boost protocols,
he strongest immune response, as measured by fresh IFN- and IL-2 ELISPOT, was obtained in BALB/c mice boosted with NYVAC-B,
hile in HHD mice there were no differences between the poxvirus vectors. When the prime/boost was performed with homologous or with
ombination of poxvirus vectors, the protocols MVA-B/MVA-B and NYVAC-B/NYVAC-B, or the combination NYVAC-B/MVA-B gave
he most consistent broader immune response in both mouse models, although the magnitude of the overall response was higher for the
NA-B/poxvirus-B regime. All of the immunization protocols induced some humoral response against the gp160 protein from HIV-1 clone
AV. Our findings indicate that MVA-B and NYVAC-B meet the criteria to be potentially useful vaccine candidates against HIV/AIDS.
2006 Elsevier Ltd. All rights reserved.
Immuneywords: HIV/AIDS; Clade B vaccine; Poxvirus vectors; MVA; NYVAC;∗ Corresponding author. Tel.: +34 91 5854553; fax: +34 91 5854506.
E-mail address: mesteban@cnb.uam.es (M. Esteban).
1
i
c
t
264-410X/$ – see front matter © 2006 Elsevier Ltd. All rights reserved.
oi:10.1016/j.vaccine.2006.09.090e response; Mouse models
. Introduction
Since human immunodeficiency virus (HIV) was first
dentified more than 20 years ago, the AIDS epidemic has
ontinued in severity and scale of its impact beyond all expec-
ations. If this epidemic continues to spread at its current
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ate, there will be an additional 45 million new infections
nd nearly 70 million deaths from the disease by 2010 [1].
nder these circumstances, development of an effective vac-
ine to suppress the worldwide AIDS epidemic is a major
nd pressing international goal.
The development of a vaccine against AIDS has been hin-
ered in part by inefficient stimulation of the corresponding
rotective humoral and cellular immune responses. The vari-
bility of the HIV envelope and inaccessibility of potentially
eutralizing epitopes on primary isolates continues to hamper
he development of vaccines that induce neutralizing anti-
odies [2,3]. This shifted the focus of many vaccinologists
owards the induction of CTLs. Over recent years several
tudies in non human primates supported the correlation
etween vaccine-induced HIV-specific cellular immunity and
rotection against subsequent challenge with pathogenic
imian/human immunodeficiency virus [4,5]. In the same
ay, a recent report highlighted the central role of CD8+ T
ells in long-term vaccine-mediated control of SHIV-89.6P
nd suggest a dynamic relationship between the titer of neu-
ralizing antibodies, antigen loads and anti-viral CD4+ T cells
n the maturation of high-quality anti-viral CD8+ T cells [6].
Many HIV vaccine strategies designed to induce T cell
mmunity, either encode a limited number of the nine HIV-
genes (often just Env and/or Gag) and/or encode multiple
ndividual CD8+ T cell epitopes. However, the identifica-
ion of viruses that escape from CTL and thus evade the
mmune system has highlighted the need to induce broad CTL
esponses against an array of epitopes from multiple HIV-1
ntigens. Thus far, an effective HIV-1 vaccine may require
trong humoral and cellular immune responses to multiple
iral antigens including structural and regulatory proteins.
New vehicles for antigen delivery, immunization adju-
ants and vaccinations protocols to improve the anti-HIV
mmune response are currently being tested in both animals
nd humans. Among the new vehicles for antigen delivery,
ome of the most promising are vaccines based on poxvirus
ecombinants. These are valuable tools for the expression of
oreign antigens directly inside the cells of the host organ-
sm, as would happen in natural infection, inducing potent
ellular immune responses against the heterologous product
ith long-lasting immunity after a single inoculation [7,8].
oncerns about the safety of poxviruses have been addressed
y the use of viruses that are replication-defective in human
ells. Among these, highly attenuated strains such as MVA
r NYVAC, with multiple deletions into their viral genome,
an be considered as the strains of choice for preclinical and
linical vaccine development. Their major advantage is the
afety record. Despite of their limited replication in human
nd most mammalian cell types, both viral strains provide
igh level of gene expression and have been proven to be
mmunogenic when delivered foreign antigens in animals and
umans [4,9–14].
At present, a number of clinical trials using recombinants
ased on the attenuated poxvirus strains MVA or NYVAC
gainst infectious disorders such as AIDS, malaria, and
2
s5 (2007) 2863–2885
uman papiloma associated cancer are underway by sev-
ral organizations, validating not only the safety of these
trains, but also demonstrating significant antigen specific
cell immunogenicity in humans. Although the capac-
ty of these attenuated vectors to produce similar levels of
ecombinant antigens as replication-competent viruses has
een widely demonstrated, to date, a comparative immune
esponse induced by recombinants based on MVA and
YVAC strains has not been done.
Here we describe the construction and characterization in
itro and in vivo of MVA and NYVAC vectors expressing
ultiple HIV-1 antigens (Env, Gag, Pol and Nef) from clade
in a single locus of the viral genome. The viral vectors are
eferred as MVA-B and NYVAC-B. The novel vectors have
een generated in a way where a marker is removed by homol-
gous recombination from the final product and express
imultaneously and under the same synthetic early/late viral
romoter, gp120 as a cell release product and Gag-Pol-Nef
GPN) as an intracellular polyprotein. The HIV-1 genes have
een codon optimized and GPN has been engineered by the
emoval of immunosuppressed sequences and to prevent VLP
ormation. In cultured cells both recombinants efficiently
xpress the four HIV-1 antigens in a stable manner. Using
ifferent prime/boost vaccination approaches, we have com-
ared in BALB/c and in transgenic HHD mice inoculated
ith MVA-B or NYVAC-B the specific cellular and humoral
mmune responses elicited by the viral recombinants. Our
ndings showed that in mice, MVA-B and NYVAC-B were
uite efficient at inducing specific immune responses against
eptides representing the heterologous HIV-1 antigens (Env,
ag, Pol, and Nef) independently of the immunization pro-
ocol used. Differences in the magnitude of the immune
esponse were observed between the poxvirus vectors in the
wo animal models. In BALB/c, the DNA-B prime/NYVAC-
boost regime triggered an overall higher immune response
han DNA-B prime/MVA-B boost whereas in HHD the mag-
itude of the response was similar for both recombinant
iruses. When the combination of MVA-B and NYVAC-
vectors was used for prime/boost, the magnitude of the
mmune response was lower than in a DNA-B/poxvirus-B
pproach, although more peptide pools were recognized. An
mmunodominance of the Env peptide pools was consistently
bserved in HHD transgenic mice in the different protocols
sed. Our findings demonstrate the efficient immunogenic-
ty in mice of the two novel poxvirus vectors expressing
our HIV-1 clade B antigens in a single locus, and suggest
hat NYVAC-B and MVA-B are potential vaccine candidates
gainst HIV/AIDS.
. Materials and methods.1. Cells and viruses
Cells were maintained in a humidified air 5% CO2 atmo-
phere at 37 ◦C. Primary chicken embryo fibroblast cells
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CEF) and human cells (HeLa) were grown in Dulbecco’s
odified Eagle’s medium (DMEM) supplemented with 10%
etal calf serum (FCS). The poxvirus strains used in this work
ncluded: modified vaccinia virus Ankara (MVA) obtained
fter 586 passages in CEF cells (derived from clone F6 at
assage 585, kindly provided by G. Sutter, Germany), the
enetically attenuated vaccinia-based vector NYVAC (gen-
rated from the vaccinia virus Copenhagen strain by selected
eletion of 18 viral genes) and the recombinant NYVAC-
expressing the HIV-1BX08 gp120 and HIV-1IIIB Gag-
ol-Nef proteins (both viruses provided by Sanofi-Pasteur).
he parental and recombinant NYVAC and MVA viruses
ere grown in CEF cells, similarly purified through two
5% (w/v) sucrose cushions, and titrated by immunostain-
ng plaque assay as previously described [15]. The titra-
ion of the different viruses was performed in CEF at least
hree times..2. DNA vectors and codon optimized genes
The DNA construct expressing the HIV-1BX08 gp120
pCMV-BX08gp120) was kindly provided by Sanofi-Pasteur.
i
I
m
e
ig. 1. Scheme for the construction of the transfer vector pLZAW1gp120B/gagp
romoters in a back-to-back orientation individually driving a codon optimized BX
MA60gp120B/gagpolnefB-12,17 with the restriction endonuclease BamHI. The in
lunt ends, and inserted into pLZAW1 vector (previously digested with AscI, modi
lkaline Phosphatase, Calf Intestinal (CIP)) generating the plasmid transfer vector p
f the foreign genes into the thymidine kinase (TK) locus of MVA genome and allo5 (2007) 2863–2885 2865
he RNA- and codon-optimized HIV-IIIB gag-pol-nef
GPN) gene construct was synthesized by GENEART GmbH
Regensburg, Germany) as described previously [9], result-
ng in an artificial budding defective 1326 aa read-through
ag-Pol-Nef fusion protein. To generate the final DNA vac-
ine construct, the GPN gene was positioned between the
coRI/XhoI sites of pcDNA3.1 (Invitrogen, UK). Plasmids
ere purified using Maxi-Prep purification kits (Qiagen,
ilden, Germany) and diluted for injection in endotoxin-free
hosphate buffered saline (PBS). All DNA preparations were
yrogen free.
.3. Construction of plasmid transfer vector
Plasmids pMA60gp120B/gagpolnefB-12,17 and pLZ-
W1 were provided by Sanofi-Pasteur. A 5.6 kbp DNA
ragment containing the two synthetic early/late (E/L)
romoters of VV [16] in a back-to-back orientation
ndividually driving a codon optimized BX08gp120 and
IIBGPN genes of HIV-1 clade B was excised from plas-
id pMA60gp120B/gagpolnefB-12,17 with the restriction
ndonuclease BamHI. The insert was modified by incubation
olnefB-1. A 5.6 kbp DNA containing the two synthetic early/late (E/L)
08gp120 and IIIBGPN genes of HIV-1 clade B was excised from plasmid
sert was modified by incubation with Klenow DNA polymerase to generate
fied by incubation with Klenow, and dephosphorylated by incubation with
LZAW1gp120B/gagpolnef-B-1. The resulting plasmid directs the insertion
ws the generation of a recombinant virus without the selectable marker.
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ith Klenow DNA polymerase to generate blunt ends, and
nserted into the pLZAW1 vector (previously digested with
scI, modified by incubation with Klenow, and dephosphory-
ated by incubation with Alkaline Phosphatase, Calf Intesti-
al (CIP)) generating the plasmid transfer vector pLZAW1
p120B/gagpolnef-B-1 (Fig. 1). The new transfer vector
ontained a -gal reporter gene sequence between two rep-
titions of the left TK flanking arm which permitted the
eporter to be deleted from the final recombinant virus
y homologous recombination after two–three passages.
he plasmid transfer vector pLZAW1gp120B/gagpolnef-
-1 allows the insertion of the gag-pol-nef and env
RFs in the same viral locus (TK), both under the tran-
criptional control of the synthetic early/late viral pro-
oter of VV and enables the elimination of the reporter
ene.
.4. Construction of the recombinant virus MVA-B
Primary chicken embryo fibroblast cells (CEF) from 11-
ay old SPF eggs were infected with MVA at a multiplicity of
.05 PFU/cell and then transfected with 10g DNA of plas-
id pLZAW1 gp120B/gagpolnef-B-1 using lipofectamine
eagent according to the manufacturer’s protocol (Invitro-
en, San Diego, CA). After 72 h post infection the cells were
arvested, sonicated and used for recombinant virus screen-
ng. Recombinant MVA viruses containing the BX08gp120
nd IIIBGag-Pol-Nef genes from clade B, and transiently co-
xpressing the -gal marker gene (MVA-B (X-gal+)), were
elected by consecutive rounds of plaque purification in CEF
ells stained with 5-bromo-4-chloro-3-indolyl -galactoside
X-Gal) (300g/mL). In the following plaque purification
teps, recombinant MVA viruses containing the BX08gp120
nd IIIBGag-Pol-Nef genes and having deleted the -gal gene
by homologous recombination between the TK left arm and
he short TK left arm repeat that are flanking the marker)
ere isolated by two additional consecutive rounds of plaque
urification screening for non-staining viral foci in CEF cells
n the presence of X-Gal (300g/mL). In each round of
urification the isolated plaques were expanded in CEF cells
or 3 days, and the crude virus obtained were used for the
ext plaque purification round. The resulting MVA-B virus
as grown in CEF, purified through two 45% (w/v) sucrose
ushions and titrated by immunostaining. Purity of the recom-
inant virus was confirmed by PCR with primers spanning
u
a
f

able 1
NA sequence of primers used in the PCR analysis of MVA-B recombinant virus
ligos Sequences
K-L (Forward) 5′ TGATTAGTTTGAT
K-R (Reverse) 5′ TGTCCTTGATACG
X08556 (Forward) 5′TGCCCATCGACAA
PN7649 (Reverse) 5′ AGCCCCATCGAG
PN8170 (Forward) 5′ ATTAGCCTGCCTC
/L (Reverse) 5′ TATTTTTTTTTTTT
heir positions in the DNA sequence of MVA-B within the TK viral locus are repre5 (2007) 2863–2885
he junction and internal regions of the inserts and by DNA
equence analysis.
.5. Construction of the recombinant virus NYVAC-B
The recombinant virus NYVAC-B containing the same
assette of HIV-1 genes in the TK locus as for MVA-B
as generated by Sanofi-Pasteur using a similar approach
s for MVA-B but different transfer vector (pMA60gp120B/
agpolnefB-12,17), except that plaque-lifting and 32P-
abeled of the inserts were used for the screening of recom-
inant viruses. NYVAC-B uses the same synthetic early/late
romoter of VV as in the case of MVA-B for expression
f HIV genes. The correct inserts in the virus genome
ere confirmed by PCR and DNA sequence analyses (not
hown).
.6. PCR analysis of recombinant MVA-B
Viral DNA was extracted by the method of SDS-Protease
-Phenol from CEF cells infected at 5 PFU/cell with the
ecombinant MVA-B virus. Different set of primers anneal-
ng in the TK flanking sequences and in internal regions of
he inserted genes were used for PCR analysis (see Table 1).
he amplifications were performed with Platinum Taq DNA
olymerase (Invitrogen, San Diego, CA), and the conditions
ere optimized for each set of primers.
.7. Time course expression of BX08gp120 and IIIBGPN
roteins from MVA-B and NYVAC-B
CEF cells grown in 12 well-plates were infected at
PFU/cell with the recombinants MVA-B and NYVAC-B. At
, 8, 16 and 24 h post infection (h p.i), cells were collected and
entrifuged at 1500 rpm for 10 min. The supernatant (S) was
emoved and concentrated by speed-vacuum. Cellular pellets
P) were lysed in cold buffer (50 mM Tris–HCl pH 8, 0.5 M
aCl, 10% NP-40, 1% SDS). The supernatant and pellet sam-
les, both containing equal amounts of protein (12g), were
un on 10% SDS-PAGE. The expression of BX08gp120 and
IIBGPN proteins was visualized following Western blotting
sing rabbit polyclonal anti-gp120 antibodies and polyclonal
nti-gag p24 serum (ARP 432, NIBSC, Centralised Facility
or AIDS reagent, UK), respectively. Detection of cellular
-actin protein was used as an internal loading control.
Position
GCGATTC 3′ 342–361
GCAG 3′ 6383–6399
CG 3′ 5133–5147
ACCG 3′ 2702–2717
TCGG 3′ 3222–3238
GGAATATAAATAG 3′ 4526–4552
sented.
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.8. Genetic stability of recombinant viruses by
xpression analyses
Monolayers of CEF cells were infected at 0.05 PFU/cell
ith MVA-B or NYVAC-B recombinants. At 72 h p.i
ells were collected by scrapping. After three freeze–thaw
ycles and brief sonication, the cellular extract was cen-
rifuged at 1500 rpm for 5 min and the supernatant was
sed for a new round of infection at 0.05 PFU/cell. The
ame procedure was repeated until passage 10. Expres-
ion of BX08gp120 and IIIBGPN proteins at all passages
as detected by Western blot after infection of CEF cells
ith the virus stocks and after serial dilutions, infection
f CEF and immunostaining using anti-gp120 and anti-
ag p24 polyclonal antibodies, respectively. The stability
f the clinical lot of MVA-B produced under GMP con-
itions by IDT (Germany), was also evaluated. Monolay-
rs of CEF cells grown in 6 well tissue culture plates
ere infected with serial dilutions of the clinical lot of
VA-B. After 1 h of virus adsorption, the virus inocu-
um was removed, washed and cells overlayed with agar.
t 72 h p.i cells were stained with 0.01% neutral red
SIGMA) and 46 individual plaques were pick up, resus-
ended in 0.5 mL of DMEM by freez–thawing and soni-
ation, 0.1 mL used for infection of CEF in 24 well tissue
ulture plates for 24 h, cells collected, lysed in Laemmli
uffer, cell extracts fractionated by 12% SDS-PAGE and anal-
sed by Western blot with specific anti-Env and anti-Gag
ntibodies to evaluate expression of BX08gp120 and IIIBGPN
roteins.
.9. Analysis of virus growth
To determine virus-growth profiles, monolayers of CEF
ells grown in 6 well tissue culture plates were infected
t 0.01 PFU/cell with MVA-B or NYVAC-B recombinants.
ollowing virus adsorption for 60 min at 37 ◦C, the inocu-
um was removed. The infected cells were washed twice
ith DMEM medium without serum, and incubated with
resh DMEM containing 2% of FCS at 37 ◦C in a 5%
O2 atmosphere. At 24, 48 and 72 h p.i, cells were
emoved by scraping, centrifuged at 1500 rpm for 5 min
nd both pellet and supernatant were collected. The super-
atants were stored at 4 ◦C for no more than 48 h before
irus titration. The pellet was resuspended in serum-free
edium at 20 × 106 cells/mL, freeze–thawed three times,
onicated, and centrifuged at 1500 rpm for 5 min. The
upernatant was collected and referred as cell lysates.
irus titers in supernatants and cell lysates were deter-
ined by immunostaining assay in CEF cells using anti-VV
ntibodies..10. Immunoﬂuorescence
HeLa cells cultured on coverslips were mock-infected or
nfected at 5 PFU/cell with either the wild type MVA and
t
p
p
55 (2007) 2863–2885 2867
YVAC strains or MVA-B and NYVAC-B recombinants.
t 16 h p.i, cells were washed with PBS, fixed with 4%
araformaldehyde and permeabilized with 2% Triton X-100
n PBS (room temperature (RT), 5 min). Cells were incubated
ith polyclonal antibodies recognizing HIV-1 BX08gp120 and
IIBGPN proteins together with WGA reagent (Molecular
robes). Coverslips were then extensively washed with PBS,
nd incubated in darkness for 1 h at 37 ◦C, with secondary
ntibody conjugated with green fluorochrome Cy2 (Jackson
mmunoresearch) and with the DNA staining reagent ToPro
Molecular Probes). Images were obtained by using Bio-Rad
adiance 2100 confocal laser microscope, were collected by
sing Lasersharp 2000 software and were processed in Laser-
ix.
.11. Measurement of apoptosis
For induction of cytopathic effects (CPE) under non-
ermissive conditions, HeLa cells were seeded into six-well
issue culture plates and grown to confluence. The cells
duplicate wells) were infected at 5 PFU/cell with MVA-B
r NYVAC-B recombinants and visually monitored under a
icroscope at 24 h p.i.
The cleavage of poly ADP-ribose polymerase (PARP) was
nalyzed by Western blot at 4, 8 and 16 h post-infection in
eLa cells infected with MVA-B or NYVAC-B recombinants
t 5 PFU/cell. Rabbit polyclonal anti-Human PARP was sup-
lied by Cell Signaling and the monoclonal antiboby against
-actin was supplied by SIGMA.
The apoptosis levels were measured using the cell death
etection enzyme-linked immunosorbent assay (ELISA)
it (Roche) according to manufacturer’s instructions. This
ssay is based on the quantitative sandwich enzyme
mmunoassay principle, and uses mouse monoclonal anti-
odies directed against DNA and histones to estimate
he amount of cytoplasmic histone-associated DNA frag-
ents.
.12. Peptides
The HIV-1 peptide pools, with each purified peptide at
5g per vial, were provided by the EuroVacc Foundation.
hey spanned the entire Env, Gag, Pol and Nef regions from
lade B included in the virus vectors as consecutive 15-
ers overlapped by 11 amino acids. The BX08gp120 protein
494 aa) was spanned by the Env-1 (aa: 1-251; 60 peptides)
nd Env-2 (aa: 241–494; 61 peptides) pools. The Gag-Pol-
ef fusion protein (1326 aa) was spanned by the following
ools: Gag-1 (aa: 1–231; 55 peptides), Gag-2 (aa: 221–431;
0 peptides), GPN-1 (aa: 421–655; 56 peptides), GPN-2ides) and GPN-4 (aa: 1093–1326; 56 peptides). The CTRL
eptide pool was used as negative control. It contains 23
eptides mostly from CMV, EBV and influenza, each at
0g.
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.13. Mice immunization
BALB/c mice were purchased from Harlan. Transgenic
HD mice were kindly provided by Dr. Lemonnier (Pas-
eur Institute, France). They are double-knockout for H2-Db
nd 2-microglobulin and transgenic for a chimeric HLA-
2 molecule [17]. When the heterologous DNA/poxvirus
rime-boost approach was assayed, animals received 100g
f DNA-B (50g of pCMV-BX08gp120 + 50g of pcDNA-
IIBGPN) by intramuscular route (i.m.) and 2 weeks later
eceived an intraperitoneal (i.p.) inoculation of 2 × 107 PFU
f the corresponding recombinant vaccinia viruses (rVVs)
n 200L of PBS. When the homologous rVV/rVV prime-
oost approach was used, animals received 2 × 107 PFU of
he corresponding rVVs by i.p route at day 0 and 15. Ten days
fter the last immunization mice were sacrificed and spleens
rocessed for fresh ELISPOT assay. At least two independent
xperiments have been performed for the different immuniza-
ion protocols.
.14. Fresh IFN-γ and IL-2 ELISPOT assay
Fresh IFN-ELISPOT assay was performed as previously
escribed [18]. Briefly, 105–106 splenocytes (depleted of red
lood cells) were plated in triplicate in 96-well nitrocellulose-
ottomed plates previously coated with 6g/mL of anti-
ouse IFN- mAb R4-6A2 (Pharmingen, San Diego, CA).
IV-1 peptide pools from clade B and negative control
CTRL) pool were resuspended in RPMI 1640 supplemented
ith 10% FCS and added to the cells at a final concen-
ration of 5g/mL for each peptide. Plates were incubated
t 37 ◦C, 5% CO2 for 48 h, washed extensively with PBS
ontaining 0.05% of Tween 20 (PBS-T) and incubated 2 h
t RT with a solution of 2g/mL of biotinylated anti-
ouse IFN- mAb XMG1.2 (Pharmingen, San Diego, CA)
n PBS-T. Afterwards, plates were washed with PBS-T and
00L of peroxidase-labeled avidin (Sigma, St. Louis, MO)
t 1:800 dilution in PBS-T was added to each well. After
h of incubation at RT, wells were washed with PBS-T
nd PBS. The spots were developed by adding 1g/mL
f the substrate 3,3′-diaminobenzidine tetrahydrochloride
Sigma, St. Louis, MO) in 50 mM Tris–HCl, pH 7.5 con-
aining 0.015% hydrogen peroxide. The spots were counted
ith the aid of a stereomicroscope. Fresh IL-2 ELISPOT
ssay was carried out identically but using the anti-mouse
L-2 mAb JES6-1A12 (Pharmingen, San Diego, CA) and
iotinylated anti-mouse IL-2 mAb JES6-5H4 (Pharmin-
en, San Diego, CA) as capture and detection antibody,
espectively.
.15. Evaluation of cytokine levels by ELISASplenocytes from immunized mice (5×105 cells) were
timulated with 2g/mL of each peptide pools at 37 ◦C,
% CO2 for 3 days. Culture supernatants were collected
nd stored at −70 ◦C until performing the assay. Levels
P
C
s
i5 (2007) 2863–2885
f IFN-, IL-10, RANTES and MIP-1 were evaluated
sing commercial ELISA kits (Pharmingen, San Diego,
A).
.16. Antibody measurements by Enzyme-linked
mmunosorbent assay (ELISA)
High binding polystyrene microtitre plates (Nunc) were
oated with 100L of the HIV-1 gp160LAV envelope
rotein (Protein Sciences) diluted at 10g/mL in 0.05 M
arbonate–bicarbonate buffer pH 9.6 overnight at 4 ◦C. The
ells were washed twice with PBS plus 0.05% Tween
0 (PBS-T) and blocked with PBS containing 10% FCS
blocking solution) during 1 h at 37 ◦C. Serum samples
iluted in blocking solution were added in a volume of
00L/well and incubated 2 h at 37 ◦C. Plates were washed
ve times with PBS-T before the detection antibody was
dded. Peroxidase-conjugated goat anti-mouse immunoglob-
lin G (IgG) antibody (Southern Biotechnology Associated,
irmingham, Ala) was diluted 1:1000 in blocking solution
nd incubated for 1 h at 37 ◦C. The plates were washed
gain five times with PBS-T and hydrogen peroxide and
rtophenylenediamine (OPD) 0.05% were used to reveal the
eaction. After 10–15 min of incubation at RT, the reaction
as stopped by adding 2 N H2SO4, and absorbance was mea-
ured at 492 nm on a Multiskan Plus plate reader (Labsystem,
hicago, Ill).
.17. Statistical procedures
All the data were logarithmically transformed and the
eans compared using ANOVA and Duncan’s multiple range
est.
. Results
.1. Characterization of recombinant MVA-B virus by
CR analysis
MVA-B, a recombinant MVA expressing HIV-1 clade B
ag-Pol-Nef and Env (gp120) antigens in the TK locus under
ontrol of the same synthetic early/late promoter of VV,
as constructed by homologous recombination in CEF cells
s described in Section 2. Gag-Pol-Nef is a fusion protein
f 1326 amino acids composed of gag, pol and nef ORFs
rom HIV-1 clone IIIB, that has been modified to enhance
ts immunogenicity and for safety by removing undesirable
omains. Gp120 Env protein comes from the HIV-1 primary
solate BX08. In both cases, the codon usage was adapted to
ighly express human genes. The correct insertion of the HIV-
genes in the recombinant MVA-B virus was confirmed by
CR and DNA sequence analysis. Viral DNA purified from
EF cells infected with MVA-B was amplified using different
et of primers annealing in the TK flanking sequences and in
nternal regions of the inserted genes (see Table 1). The sizes
C.E. Go´mez et al. / Vaccine 25 (2007) 2863–2885 2869
Fig. 2. Characterization of MVA-B and NYVAC-B recombinant viruses. (A) Scheme of the MVA-B insert within the TK viral locus. The positions of the
different sets of primers used for PCR analysis and the expected sizes of PCR products are represented. (B) PCR analysis of the MVA-B insert in the TK
viral locus. 100 ng of viral DNA extracted from CEF cells infected at 5 PFU/cell with MVA-B (line 2) or MVA-WT (line 3) were used for PCR analysis. The
transfer vector pLZAW1gp120B/gagpolnef-B-1 was used as positive control (line 1). PCR conditions were optimized for each set of primers. (C) Time-course
expression of BX08gp120 and IIIBGPN proteins in cells infected with MVA-B and NYVAC-B recombinants. The expression of BX08gp120 and IIIBGPN proteins
at indicated times post-infection of CEF cells was visualized by Western blot in supernatants (S) and pellet (P) samples of mock (M) or infected cells at
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tPFU/cell with MVA-B or NYVAC-B recombinant viruses. The cellular 
ndicate the position of gp120, GPN and -actin proteins.
f the expected PCR products are represented in Fig. 2A.
or comparison purpose, pLZAW1gp120B/gagpolnef-B-1
lasmid and DNA extracted from CEF cells infected with
he wild type parental strain of MVA (MVA-WT) were
sed. As shown in Fig. 2B, the amplifications performed
ith the different set of primers reveals that gag-pol-nef
nd env ORFs were inserted successfully into the MVA
K locus, and also that no wild-type contamination was
resent in the rMVA preparation. These results were con-
rmed by DNA sequence analysis of the MVA-B TK locus
see Appendix A).
u
V
t
Brotein expression was used as internal loading control. Arrows at the right
.2. Characteristics of MVA-B and NYVAC-B
ecombinants in cultured cells
.2.1. Expression of BX08gp120 and IIIBGPN proteins by
VA-B and NYVAC-B
NYVAC-B, a recombinant NYVAC expressing the iden-
ical HIV-1 clade B antigens as MVA-B in the TK locus and
nder control of the same synthetic early/late promoter of
V, was generated by Sanofi-Pasteur. In order to characterize
he expression of BX08gp120 and IIIBGPN proteins by MVA-
and NYVAC-B recombinants, a time-course analysis was
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arried out. The kinetic of synthesis of Env protein was simi-
ar in MVA-B and NYVAC-B infected cells. BX08gp120 was
fficiently released from cells by 8 h p.i (Fig. 2C, left panel).
s compared to NYVAC-B, the full length IIIBGPN fusion
rotein was produced in MVA-B infected cells but at different
evels depending on the time point after infection (Fig. 2C,
ight panel). With time (18 and 24 h p.i) the IIIBGPN expres-
ion levels decreased in NYVAC-B versus MVA-B infected
ells.
Immunofluorescence analysis by confocal microscopy in
nfected Hela cells confirmed that both viruses (MVA-B
nd NYVAC-B) expressed Env and Gag-Pol-Nef antigens.
X08gp120 was predominantly found in the Golgi of infected
ells whereas IIIBGPN localised in the cytoplasm (data not
hown).
a
a
a
W
ig. 3. Stability and growth characteristics of MVA-B and NYVAC-B. (A) Stabili
laques isolated from a clinical lot of MVA-B as described in Section 2 were ampl
ells collected, lysed, proteins fractionated by SDS-PAGE and analyzed by Wester
roteins in samples of mock-infected CEF cells (M) or infected with individual pla
EF cells infected with the original MVA-B stock used for the generation of the clin
PN proteins in the gels. (B and C) Virus growth of MVA-B and NYVAC-B in CEF
r NYVAC-B recombinants for 0, 24, 48 and 72 h. Cells were collected by centrifu
he supernatant (panel B) during the course of the infection were quantified by pla
hown with standard error bars.5 (2007) 2863–2885
.2.2. Genetic stability of MVA-B and NYVAC-B
To verify that MVA-B and NYVAC-B recombinants could
e passage without the lost of the transgene, a stability test
as performed. The recombinants were continuously pas-
age from P2 stock to P10 in CEF cells (4 passages beyond
roduction level). Expression of Env and Gag-Pol-Nef anti-
ens at the different passages was determined by Western
lot and immunostaining assay. MVA-B efficiently expressed
X08gp120 and IIIBGPN proteins after 7, 8, 9 and 10 pas-
ages in CEF cells. By counting over 100 immunoplaques
tained with antibodies specific for VV antigens versus Env
nd Gag, we observed that 95–100% of the plaques gener-
ted in cells infected with the P10 stock stained with the
ntibodies for both Gag and Env proteins (data not shown).
e also evaluated the stability of a clinical lot of MVA-
ty of MVA-B from a GMP manufactured clinical lot. Forty six individual
ified in CEF cells, cell lysates used for infection of CEF for 24 h, washed,
n blot with specific antibodies. The expression of BX08gp120 and IIIBGPN
ques (1–46) is shown. A positive control (C+) were cellular extracts from
ical lot (Passage 8). Arrows to the right indicate the migration of gp120 and
cells. Monolayers of CEF cells were infected at 0.01 PFU/cell with MVA-B
gation and infectious virus associated to the cells (panel C) and released to
que immunostaining assay. Averages of three independent experiments are
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produced under GMP conditions. As shown in Fig. 3A,
ut of 46 isolated plaques analysed by Western blot none
f them represent wild type reversion. All of them (100%)
xpressed gp120, but 45 out of 46 plaques (97.8%) expressed
orrectly the BX08gp120 protein. In the case of GPN, 43 out
f 46 plaques (93.5%) expressed correctly the IIIBGPN pro-
ein. These results revealed that MVA-B is genetically stable,
ven when grown and purified at large scale under GMP
onditions. The genetic stability of the inserts for NYVAC-was similarly confirmed after the tenth passage (not
hown).
v
t
ig. 4. Differences in apoptosis induction by MVA-B versus NYVAC-B. (A) Cytopa
ells were mock-infected or infected at 5 PFU/cell with recombinant MVA-B and N
poptosis in the cells were examined by phase-contrast microscopy. In NYVAC-B in
B) Western blot analysis of PARP cleavage in HeLa cells infected with MVA-B a
t 5 PFU/cell with recombinant MVA-B and NYVAC-B viruses. At different time
lot. The cellular -actin protein expression was used as internal loading control. E
ells compared to MVA-B infection. (C) Quantitation of apoptosis after infection w
r infected at 5 PFU/cell with recombinant MVA-B and NYVAC-B viruses and the
05 nm is represented.5 (2007) 2863–2885 2871
.2.3. Virus growth of MVA-B and NYVAC-B
To analyze the viral growth characteristics of MVA-B in
omparison with NYVAC-B under permissive conditions,
onolayers of CEF cells were infected at 0.01 PFU/cell with
ach virus for 0, 24, 48 and 72 h. Infectious viruses that
emained cell-associated and released to the medium during
he course of the infection were measured by immunostaining
laque assay. The growth kinetics of MVA-B and NYVAC-
were similar (Fig. 3B and C). The titers of cell-associatedirus in cells infected with NYVAC-B were by 48 h lower than
he titers obtained in cells infected with MVA-B (Fig. 3C).
thic effects of MVA-B and NYVAC-B in human cells. Monolayers of HeLa
YVAC-B viruses. At 24 h p.i the morphological changes characteristic of
fected cells, numerous cells are in apoptosis compared to MVA-B infection.
nd NYVAC-B. Monolayers of HeLa cells were mock-infected or infected
s post-infection the cell extracts were collected and analysed by Western
xtensive cleavage of PARP was observed at 16 h p.i in NYVAC-B infected
ith MVA-B or NYVAC-B. Monolayers of HeLa cells were mock-infected
extent of apoptosis was determined at 24 h p.i by ELISA. Absorbance at
2 ccine 2
3
o
n
d
t
i
a
i
f
F
f
a
s
p
a
s
(
a
f
A872 C.E. Go´mez et al. / Va
.2.4. A hallmark of NYVAC-B infection is the induction
f apoptosis, but not of MVA-B
The difference in virus titers between the two recombi-
ant viruses described above could be attributed to different
egrees in apoptosis induction. We have recently described
hat during infection with parental NYVAC strain there is
nduction of apoptosis while parental MVA does not induce
i
b
(
m
ig. 5. Immunogenicity of MVA-B and NYVAC-B after DNA/rVV prime-boost pr
resh IFN- ELISPOT. Groups of 5 BALB/c mice were primed with 100g of ei
fter priming, the mice received an intraperitoneal inoculation of 2 × 107 PFU of
plenocytes were measured 10 days after the last immunization in a fresh IFN- EL
eptides spanning the entire HIV-1 BX08gp120 and IIIBGPN proteins. The number
nd was subtracted in all cases. Peptide-specific IFN- secreting cells with standa
ignificant differences (p < 0.05) between each peptide pool and the CTRL pool. (*
B) Magnitude of the total response for clade B pools. Bars represent the total num
ll the peptide pools spanning the Ags included in MVA-B and NYVAC-B recombi
rom HIV-1 LAV clone. Serum from immunized mice was evaluated by ELISA fo
bsorbance values (measured at 492 nm) correspond to 1/50 dilution of individual5 (2007) 2863–2885
poptosis [19]. To define if the recombinant NYVAC-B also
nduces apoptosis and to compare it with MVA-B, we per-
ormed three different assays. As shown in Fig. 4, NYVAC-B
nfection triggers apoptosis in infected cells as measured
y phase contrast microscopy (panel A), by PARP cleavage
panel B) and by ELISA test (panel C). These effects were
inimally observed in cells infected with MVA-B. These dif-
otocols in BALB/c mice. (A) Cell-mediated immune response detected by
ther DNA-B or sham DNA (DNA-) by intramuscular route. Two weeks
the corresponding rVV. Vaccine-elicited functional immune responses of
ISPOT assay following stimulation with 5g/mL of pools of overlapping
of spots obtained with the negative CTRL pool ranged between 5 and 15
rd deviation from triplicate cultures are shown. () represents statistically
) represents statistically significant differences (p < 0.05) between groups.
ber of antigen-specific IFN- secreting cells detected in each group against
nants. (C) Humoral immune response elicited against HIV-1 gp160 protein
r specific anti-gp120 antibodies in blood taken 10 days after the booster.
serum. ( ) represents the mean value for each group.
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erences may have an impact on immune responses. Thus, we
ext analyzed the immune responses elicited in mice by the
wo recombinant poxvirus vectors.
.3. Booster with MVA-B and NYVAC-B efﬁciently
nduces HIV-speciﬁc cellular immune responses in
ALB/c mice
Since a DNA prime/rVV boost immunization regime has
roven to be an effective means of activating CD8+ T cell
esponses to HIV antigens [11,20], we wished to evaluate the
agnitude and breadth of the HIV-specific cellular immune
esponse triggered in BALB/c mice using this strategy. For
his purpose, groups of mice were first primed with two DNA
ectors, one that expresses only HIV-1 Env (BX08gp120), and
he other expressing the Gag-Pol-Nef polyprotein from clade
(both vectors referred as DNA-B), and 2 weeks later the
nimals were boosted with the same dose of DNA-B, or with
× 107 PFU of either MVA-B or NYVAC-B, both express-
ng the same HIV antigens as DNA-B. Animals primed with
ham DNA (DNA-) and boosted with either MVA-WT or
YVAC-WT were used as controls. Vaccine-elicited func-
ional immune responses in splenocytes were measured 10
ays after the last immunization in a fresh IFN- ELISPOT
ssay following stimulation with a pool of overlapping pep-
ides that span the entire HIV-1 BX08gp120 and IIIBGPN
roteins. The number of spots obtained with the negative
TRL pool was subtracted in all cases.
As shown in Fig. 5A, animals that received MVA-B or
YVAC-B in the booster (groups 1 and 2) induced a sig-
1
I
s
r
able 2
A) Cytokine production (pg/mL) by splenocytes from BALB/c mice immunized in
y splenocytes from BALB/c mice immunized in DNA prime/rVV boost regime
Gag-1 Gag-2 Env-1 E
NA-B/MVA-B IFN- 3170 813 5187 57
NA-B/NYVAC-B IFN- 7690 1417 6393 53
NA-B/DNA-B IFN- 757 640 3213 19
NA-/MVA-WT IFN- 877 887 573 2
NA-/NYVAC-WT IFN- 367 287 517 1
ALB/c mice were immunized as described in Section 2. Ten days after the last im
he splenocytes from each group were stimulated in vitro with 2g/mL of differ
hereafter, cell supernatants were collected and stored at −70 ◦C. Cytokine and -5 (2007) 2863–2885 2873
ificant enhancement of splenic T-cell response against the
lade B peptide pools Gag-1, Env-1, Env-2, GPN-1, GPN-3
nd GPN-4, in comparison with mice that received two doses
f DNA-B vector (group 3) (p < 0.05). However, the highest
esponse was detected in mice boosted with NYVAC-B virus
group 2). The Gag-2 pool was poorly recognized by the three
roups, and no specific cellular response was detected against
he GPN-2 pool. The numbers of specific IFN- secreting
ells in animals immunized either with DNA-/MVA-WT
group 4) or with DNA-/NYVAC-WT (group 5) were lower
han 30 spots. The magnitude of the total response for clade B
ools, determined by the overall number of IFN- secreting
ells, was more than 5 times higher in group 1 (DNA-B/MVA-
) and group 2 (DNA-B/NYVAC-B) than that induced in
roup 3 (DNA-B/DNA-B) (Fig. 5B), demonstrating the effi-
iency of rVV in boosting the cellular immune response. The
readth of the B-specific response per group, as measured by
he number of positive pools, was similar in mice boosted
ith MVA-B and NYVAC-B (7 positive pools), and lower in
ice that received two doses of DNA-B (4 positive pools).
Since a balance between a Th1 and Th2 type of immune
esponses may be critical for the control of HIV infection
21], our next approach was to determine the profile of
ytokines triggered in immunized mice. Thus, we quanti-
ed the levels of type 1 (IFN-) and type 2 (IL-10) cytokines
n cell culture supernatants re-stimulated with specific HIV-
peptide pools. As shown in Table 2(A), higher levels of
FN- were secreted against the different clade B pools by
plenocytes from mice primed with DNA-B and boosted with
ecombinant viral vectors (MVA-B and NYVAC-B), com-
DNA prime/rVV boost regime and (B) -chemokine production (pg/mL)
nv-2 GPN-1 GPN-2 GPN-3 GPN-4 Total
87 3553 173 573 830 20086
00 4807 980 5087 2207 33881
27 437 <20 <20 <20 6974
80 247 133 360 67 3424
23 <20 <20 <20 <20 1294
munization the animals were sacrificed and their spleens were processed.
ent HIV-1 peptide pools from clade B and incubated for 3 days at 37 ◦C.
chemokine levels were measured with specific commercial kits.
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DNA-/MVA-WT and DNA-/NYVAC-WT). The levels of
L-10 (as index of Th2) in cell culture supernatants were
ow and not significant, and hence, they are not represented.
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ig. 6. Immunogenicity of MVA-B and NYVAC-B after DNA/rVV prime-boost prot
y fresh IFN- ELISPOT. Groups of 4 HHD transgenic mice were primed with 100
eeks after priming, the mice received an intraperitoneal inoculation of 2 × 107 PF
f splenocytes were measured 10 days after the last immunization in a fresh IFN- E
eptides spanning the HIV-1 BX08gp120 and IIIBGPN proteins. The number of spots
ubtracted in all cases. Peptide-specific IFN- secreting cells with standard deviatio
ifferences (p < 0.05) between each peptide pool and the CTRL pool. (*) represents s
f the total response for clade B pools. Bars represent the total number of antigen-sp
ools spanning the Ags included in MVA-B and NYVAC-B recombinants. (C) Ce
esponse against clade B peptide pools in splenocytes from immunized animals was
egative CTRL pool was subtracted in all cases. Peptide-specific IL-2 secreting cell
tatistically significant differences (p < 0.05) between each peptide pool and the CTR
roups. (D) Magnitude of the total response for clade B pools. Bars represent the t
gainst all the peptide pools spanning the Ags included in MVA-B and NYVAC-B5 (2007) 2863–2885hese results are in agreement with the response detected by
LISPOT, and suggest induction of a Th1 type of immune
esponse by the vaccination protocol of DNA prime/poxvirus
oost.
ocol in HHD transgenic mice. (A) Cell-mediated immune response detected
g of either DNA-B or sham DNA (DNA-ϕ) by intramuscular route. Two
U of the corresponding rVV. Vaccine-elicited functional immune responses
LISPOT assay following stimulation with 5g/mL of pools of overlapping
obtained with the negative CTRL pool ranged between 32 and 38 and was
n from triplicate cultures are shown. () represents statistically significant
tatistically significant differences (p < 0.05) between groups. (B) Magnitude
ecific IFN- secreting cells detected in each group against all of the peptide
ll-mediated immune response detected by fresh IL-2 ELISPOT. The IL-2
determined as previously described. The number of spots obtained with the
s with standard deviation from triplicate cultures are shown. () represents
L pool; (*) represents statistically significant differences (p < 0.05) between
otal number of antigen-specific IL-2 secreting cells detected in each group
recombinants.
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It has been shown that -chemokines such as MIP-1
nd RANTES can suppress HIV-1 replication in vitro by
nhibiting the entry of the virus via CCR5 co-receptor [22].
ence, it was of interest to evaluate whether splenocytes from
he different immunization groups can elicit the Ag-specific
roduction of these chemokines. The levels of MIP-1 and
ANTES were quantified in cell culture supernatants after 3
ays of incubation of splenocytes in the presence of 2g/mL
f each clade B peptide pools (Table 2(B)). The total levels of
ANTES in groups boosted with MVA-B or NYVAC-B were
ore than 2-fold superior to those obtained with the homol-
gous DNA-B/DNA-B scheme. The specific response was
irected against the Gag-1, Env-1, Env-2, GPN-1 and GPN-3
eptide pools. When the production of MIP-1 was evalu-
ted, the highest levels of this chemokine were found in the
roup immunized with DNA-B/NYVAC-B against the Gag-
, Env-1, Env-2, GPN-1, GPN-3 and GPN-4 peptide pools.
he DNA-B/MVA-B and DNA-B/DNA-B groups produced
imilar level of MIP-1 but against different pools. While
he production of MIP-1 in the group that received MVA-
in the booster was mainly triggered by Env-2 and GPN-1
ools, in the group DNA-B/DNA-B it was induced by Gag-1,
ag-2, GPN-2 and GPN-4 pools.
To assay the antibody reactivity against HIV-1 Env pro-
ein, the individual serum from each group of mice was
nalyzed at a dilution of 1:50 by ELISA (Fig. 5C). Only
nimals boosted with MVA-B or NYVAC-B elicited spe-
ific antibodies against the gp160 protein from the HIV-1
lone LAV (clade B). Thus, the two poxvirus recombinants
nduced, in addition to a cellular response, some humoral
mmune response against the HIV-1 Env antigen.
.4. Immunization with MVA-B and NYVAC-B induces
IV-speciﬁc HLA-A2 restricted cellular response in
umanized HHD mice
To analyse whether BX08gp120 and IIIBGPN proteins
xpressed by MVA-B and NYVAC-B were recognized by
uman MHC class I molecules, we immunized transgenic
HD mice that exclusively display a chimerical human
LA-A2.1 as MHC class I molecule [17]. Three groups of
HD mice (n = 4) were primed with either DNA-B or sham
NA (DNA-) and 2 weeks later, they were boosted with
× 107 PFU of either MVA-B, NYVAC-B or MVA-WT. The
pecific cellular immune response was analysed 10 days after
he last immunization by fresh IFN- and IL-2 ELISPOT
ssays using pools of overlapping peptides specific to clade
of HIV-1. The number of spots obtained with the negative
TRL pool was subtracted in all cases.
As shown in Fig. 6A, animals that received MVA-B or
YVAC-B in the booster (groups 1 and 2) induced higher
umber of IFN- secreting cells against the HIV-1 peptide
ools Gag-1, Gag-2, Env-1, Env-2 and GPN-1, in compar-
son with the control group (DNA-/MVA-WT) (p < 0.05).
he magnitude of the total response, determined by the over-
ll number of IFN- secreting cells (Fig. 6B), and the breadth
D
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o5 (2007) 2863–2885 2875
f the B-specific response per group, as measured by the num-
er of positive pools, were similar in animals that received
NA-B/MVA-B and DNA-B/NYVAC-B. However, the spe-
ific response in both groups varied among the peptides.
nv-1 and Env-2 pools were significantly more immunogenic
han Gag-1, Gag-2 and GPN-1 (p < 0.05).
In order to characterize in more detail the cellular immune
esponse elicited in HHD mice using DNA/rVV approach, we
erformed a fresh IL-2 ELISPOT. IL-2 induces proliferation
nd activation of both CD4+ and CD8+ T cells, potenti-
tes the cytotoxicity of CD8+ T lymphocytes and NK cells,
nd stimulates B cell function, therefore, playing a major
ole in the containment of viral infection [23]. Therefore,
t was of interest to determine the specific number of IL-2
ecreting cells in splenocytes of immunized mice. As shown
n Fig. 6C and by comparison with Fig. 6A, the IL-2 and
FN- responses behaved similarly in the three groups. Mice
mmunized with DNA-B/MVA-B and DNA-B/NYVAC-B
eveloped a specific cellular immune response against the
IV-1 peptide pools Gag-1, Gag-2, Env-1 and Env-2. The
otal number of IL-2 secreting cells in the spleen of ani-
als boosted with MVA-B was 1.3-fold higher than in mice
oosted with NYVAC-B (Fig. 6D); however, the breadth of
he B-specific response, as measured by the number of pos-
tive pools, was similar in both groups. Env-1 and Env-2
ools were once more the most immunogenic epitopes. The
h type of immune response and the Ag-specific produc-
ion of -chemokines induced in the immunized groups were
lso evaluated using the positive HIV-1 peptide pools recog-
ized by ELISPOT. As shown in Table 3(A), booster with
ither MVA-B or NYVAC-B induced a Th1 type immune
esponse, as measured by the IFN-/IL-10 ratio. The levels
f IFN- found in supernatants from stimulated splenocytes
orrelated with the number of IFN- secreting cells detected
y ELISPOT. The levels of RANTES and MIP-1 were
igher in mice boosted with MVA-B with regard to animals
oosted with NYVAC-B (Table 3(B)). The highest levels
f cytokines and -chemokines were induced by the pep-
ide pools spanning the HIV-1 BX08gp120 protein (Env-1 and
nv-2).
We also measured the antibody levels against Env in
era from immunized mice. When NYVAC-B was used
n the booster a 5-fold increase in anti-gp160 antibodies
as observed, contrasting with the minor 2.5-fold increase
etected after MVA-B boost (data not shown).
.5. Prime/boost combination with homologous or
eterologous poxvirus vectors improves the breadth of
IV-speciﬁc HLA-A2 restricted cellular immune
esponse in HHD mice
In the previous experiments we demonstrated that
NA/rVV immunization regime was able to induce a cel-
ular immune response against some of the HIV-1 peptide
ools from clade B, the Env-1 and Env-2 pools being immun-
dominants in both BALB/c and HHD mouse models. To
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Fig. 7. Immune response elicited in transgenic HHD mice after inoculation with homologous and heterologous combinations of MVA-B and NYVAC-
B recombinants. (A) Cell-mediated immune response detected by fresh IFN- ELISPOT. Groups of 4 HHD mice were inoculated intraperitoneally with
2 × 107 PFU of each recombinant at day 0 and 15. Vaccine-elicited functional immune responses of splenocytes were measured 10 days after the last immunization
in a fresh IFN- ELISPOT assay following stimulation with 5g/mL of pools of overlapping peptides spanning the HIV-1 BX08gp120 and IIIBGPN proteins.
The number of spots obtained with the negative CTRL pool ranged between 36 and 48 and was subtracted in all cases. Peptide-specific IFN- secreting cells
with standard deviation from triplicate cultures are shown. () represents statistically significant differences (p < 0.05) between each peptide pool and the
CTRL pool. (*) represents statistically significant differences (p < 0.05) between groups. (B) Magnitude of the total response for clade B pools. Bars represent
the total number of antigen-specific IFN- secreting cells detected in each group against all the peptide pools spanning the Ags included in MVA-B and
NYVAC-B recombinants. (C) Cell-mediated immune response detected by fresh IL-2 ELISPOT. The IL-2 response against clade B peptide pools in splenocytes
from immunized animals was determined as previously described. The number of spots obtained with the negative CTRL pool was subtracted in all cases.
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aeptide-specific IL-2 secreting cells with standard deviation from triplicat
etween each peptide pool and the CTRL pool; (*) represents statistically sig
or clade B pools. Bars represent the total number of antigen-specific IL-2 s
ncluded in MVA-B and NYVAC-B recombinants.
etermine whether it was possible to improve the breadth
f the B-specific response, we performed homologous and
eterologous immunizations by combination of MVA-B and
YVAC-B viruses. Thus, HHD mice (n = 4) were inoculated
ntraperitoneally with 2 × 107 PFU of each recombinant virus
c
a
aes are shown. () represents statistically significant differences (p < 0.05)
t differences (p < 0.05) between groups. (D) Magnitude of the total response
cells detected in each group against all the peptide pools spanning the Ags
t days 0 and 15, and 10 days after the last immunization the
ellular immune responses were evaluated.
As shown in Fig. 7A, heterologous (groups 1 and 2)
nd homologous (groups 3 and 4) combinations of MVA-B
nd NYVAC-B recombinants induced a significant enhance-
C.E. Go´mez et al. / Vaccine 2
Table 3
(A) Cytokine production (pg/mL) by splenocytes from HHD mice immu-
nized in DNA prime/rVV boost regime and (B) -chemokine production
(pg/mL) by splenocytes from HHD mice inoculated in DNA prime/rVV
boost regime
A
B
HHD mice were immunized as described in Section 2. Ten days after the last
immunization the animals were sacrificed and their spleens were processed.
The splenocytes from each group were stimulated in vitro with 2g/mL of
different HIV-1 peptide pools from clade B and incubated for 3 days at 37 ◦C.
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number of spots obtained with the negative CTRL poolhereafter, cell supernatants were collected and stored at −70 ◦C. Cytokine
nd -chemokine levels were measured with specific commercial kits.
ent of splenic T-cell response against the clade B pep-
ide pools Gag-1, Env-1, Env-2, and GPN-2, in compar-
son with mice immunized with NYVAC-WT/MVA-WT
sed as control (group 5) (p < 0.05). Animals from group
(MVA-B/NYVAC-B) failed to recognized the Gag-2 and
PN-3 pools, which were identified by the rest of the
roups. Interestingly, the combination of NYVAC-B/MVA-
(group 2) also recognized the GPN-1 and GPN-4 peptide
ools.
The magnitude of the total response, determined by the
verall number of IFN- secreting cells (Fig. 7B), and the
readth of the B-specific response per group, as measured by
he number of positive pools, were similar in animals receiv-
ng the homologous prime/boost regime (groups 3 and 4).
oth immunological markers were improved, but not signif-
cantly (p > 0.05), when mice were primed with NYVAC-B
nd boosted with MVA-B recombinant (group 2). In contrast
o groups 3 and 4, which recognized 6 out of 8 clade B peptide
ools, group 2 recognized all of the pools assayed. Interest-
ngly, the reverse order (MVA-B/NYVAC-B) gave the lower
umber of total IFN- secreting cells and only recognized 4
ools.
When the cellular response was next evaluated by fresh
L-2 ELISPOT, we observed that heterologous (groups 1 and
w
e
b5 (2007) 2863–2885 2877
) and homologous (groups 3 and 4) combinations of MVA-
and NYVAC-B recombinants developed a specific cellular
mmune response against the HIV-1 peptide pools Gag-2,
nv-1, Env-2 and GPN-3 (Fig. 7C). Animals receiving two
oses of NYVAC-B (group 4) failed to recognize the Gag-
pool, which was efficiently identified by the rest of the
roups. The total number of IL-2 secreting cells in the spleen
f animals immunized with MVA-B/NYVAC-B (group 1)
r MVA-B/MVA-B (group 3) were 1.5-fold higher than that
ound in mice immunized with NYVAC-B/MVA-B (group 2)
r NYVAC-B/NYVAC-B (group 4) (Fig. 7D). However, the
readth of the B-specific response was only affected in group
(NYVAC-B/NYVAC-B), in which only 4 out of 8 peptide
ools were recognized.
We also examined the profile of cytokines and chemokines
roduced by splenocytes from these mice after cul-
ured with 2g/mL of each peptide pool. As shown
n Table 4(A), all of the combinations assayed induced
n evident Th1 type immune response characterized by
levated levels of IFN- and low or undetectable lev-
ls of IL-10. Interestingly, groups receiving heterologous
YVAC-B/MVA-B (group 2) or homologous MVA-B/MVA-
(group 3) combinations induced higher levels of IFN-
and broader reactive cellular responses in comparison
ith groups immunized with MVA-B/NYVAC-B (group 1)
r NYVAC-B/NYVAC-B (group 4). When the profile of
-chemokines was measured, we obtained similar results
Table 4(B)). The levels of RANTES and MIP-1 were sig-
ificantly higher in groups 2 (NYVAC-B/MVA-B) and 3
MVA-B/MVA-B).
We also measured the antibody levels against Env in sera
rom immunized mice. Serum from mice receiving two doses
f NYVAC-B recombinant (group 4) did not recognize the
p160 protein from HIV-1 clone LAV by ELISA, while the
ther groups induced similar specific humoral response to
p120 (data not shown).
.6. NYVAC-B prime/MVA-B boost and no the reverse
ombination efﬁciently improved the breadth and
agnitude of anti-clade B cellular immune response in
ALB/c mice
To confirm the results obtained by the heterologous
oxvirus combination of vectors observed in HHD mice in
nother mouse model, we performed an experiment in which
ALB/c mice were immunized with heterologous combina-
ion of MVA-B and NYVAC-B vectors. Three groups of mice
n = 4) were inoculated intraperitoneally with 2 × 107 PFU
f each recombinant at day 0 and 15. The specific cellu-
ar immune response was analysed 10 days after the last
mmunization by fresh IFN- ELISPOT assay using pools
f overlapping peptides specific to clade B of HIV-1. Theas subtracted in all cases. As shown in Fig. 8A, het-
rologous combinations of MVA-B and NYVAC-B recom-
inants induced higher number of IFN- secreting cells
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Table 4
(A) Cytokine production (pg/mL) by splenocytes from HHD mice immunized with homologous and heterologous combination of MVA-B and NYVAC-B and
(B) -chemokine production (pg/mL) by splenocytes from HHD mice immunized with homologous and heterologous combination of MVA-B and NYVAC-B
A
B
HHD mice were immunized as described in Section 2. Ten days after the last immunization the animals were sacrificed and their spleens were processed. The
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ell supernatants were collected and stored at −70 ◦C. Cytokine and -chem
gainst the HIV-1 peptide pools Gag-1, Env-1, Env-2, GPN-
, GPN-3 and GPN-4, in comparison with control group
NYVAC-WT/MVA-WT) (p < 0.05). Animals from group
(MVA-B/NYVAC-B) failed to recognize the Gag-2 and
PN-2 pools, which were efficiently identified by the group
eceiving the reverse combination NYVAC-B/MVA-B (group
). The magnitude of the total response, determined by
he overall number of IFN- secreting cells (Fig. 8B),
nd the breadth of the B-specific response per group, as
easured by the number of positive pools, were signifi-
antly higher in mice primed with NYVAC-B and boosted
ith MVA-B (group 1). These results correlate with the
esponse detected in HHD mice using the same immunization
pproach.
The cytokine profile produced by splenocytes from
hese mice reveals a Th1 type of immune response char-
cterized by high levels of IFN- and low or unde-
ectable levels of IL-10 (data not shown). We also eval-
ated the presence of specific anti-gp160 Abs in sera
rom immunized mice. Animals primed with NYVAC-B
nd boosted with MVA-B (group 1) induced an Env spe-
ific humoral response 2.5-fold higher than that induced
t
i
h
h-1 peptide pools from clade B and incubated for 3 days at 37 ◦C. Thereafter,
levels were measured with specific commercial kits.
y the reverse combination (MVA-B/NYVAC-B) (data not
hown).
. Discussion
In this study we describe the construction and immuno-
enicity of two novel HIV/AIDS poxvirus vaccine candi-
ates, one based on the modified vaccinia virus Ankara
MVA) strain and the other based on the NYVAC strain,
ith both attenuated vectors expressing in the same viral TK
ocus four HIV-1 antigens from clade B, the Env (gp120)
nd Gag-Pol-Nef as a polyprotein. These antigens repre-
ent the major antigenic proteins of HIV-1 expressed dur-
ng virus infection. The env gene was derived from the
IV-1 primary isolate BX08, a CCR5-tropic strain which is
ransmitted most frequently than CXCR4 strains [24], and
ence, a suitable target to inhibit HIV spread. The syn-
hetic gag-pol-nef polygene comes from the HIV-1 IIIB
solate and included the key antigenic determinants that
ave been described for each gene. The work described
ere is the first study in which two different attenuated
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Fig. 8. Immune response elicited in BALB/c mice using heterologous combinations of MVA-B and NYVAC-B recombinants. (A) Cell-mediated immune
response detected by fresh IFN- ELISPOT. Groups of 4 BALB/c mice were inoculated intraperitoneally with 2 × 107 PFU of each recombinant at day 0 and
15. Vaccine-elicited functional immune responses of splenocytes were measured 10 days after the last immunization in a fresh IFN- ELISPOT assay following
stimulation with 5g/mL of pools of overlapping peptides spanning the HIV-1 BX08gp120 and IIIBGPN proteins. The number of spots obtained with the negative
CTRL pool ranged between 26 and 46 and was subtracted in all cases. Peptide-specific IFN- secreting cells with standard deviation from triplicate cultures
are shown. () represents statistically significant differences (p < 0.05) between each peptide pool and the CTRL pool. (*) represents statistically significant
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bifferences (p < 0.05) between groups. (B) Magnitude of the total response fo
ells detected in each group against all the peptide pools spanning the Ags i
oxvirus vectors (NYVAC and MVA) expressing four HIV-
genes in the same locus of the viral genome are com-
ared in vitro and in vivo. We previously compared in
LA-A2 transgenic mice the immune response induced
y NYVAC and MVA expressing the HIV-1 Gag-Pol-Nef
olyprotein from clade B, but with a limited number of
eptides [9]. The findings described here of engineering
he simultaneous expression of the cassette gp120-GPN in
he poxvirus vectors extend previous results and provide
n in depth preclinical characterization of the immuno-
g
B
r
pB pools. Bars represent the total number of antigen-specific IFN- secreting
in MVA-B and NYVAC-B recombinants.
enicity in mice of these novel MVA-B and NYVAC-B
ectors.
The in vitro characterization of MVA-B and NYVAC-B
ecombinants revealed that both viruses express to high lev-
ls the heterologous BX08gp120 and IIIBGPN proteins, can
e passage in culture without the loss of the transgene, and
rew efficiently in CEF cells. However, in contrast to MVA-
, NYVAC-B infection induces potent apoptosis. We have
ecently described the distinct biological and biochemical
roperties of the parental MVA and NYVAC strains [25].
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oreover, a comparative analysis of cellular gene expression
rofiling by cDNA microarrays screening over 15,000 genes
evealed differences between NYVAC and MVA-infected
eLa cells in proinflammatory cytokine profiles. In fact,
hile MVA enhanced the expression of the cytokines IL-
, IL-1A, IL-8, IL-15, NYVAC infection did not triggered
xpression of these cytokines [19]. These differences might
nfluence the immunogenic characteristics of the two recom-
inant vectors. Since dying cells are capable of transferring
ntigen to the immune system for the induction of T cell
mmunity [26,27], and the in vitro differences that we have
bserved between MVA and NYVAC strains could have an
mpact on the immune system, it was important to demon-
trate the immunogenic potential of each poxvirus vector in
ivo. In this report we have conducted a head-to-head compar-
son of the cellular immune response induced in BALB/c and
n transgenic HHD mice by different prime-boost immuniza-
ion strategies with the poxvirus vectors. We first analyzed
he effect of priming with DNA vectors expressing the HIV-
Env (BX08gp120), and Gag-Pol-Nef antigens from clade
, followed by a booster with the poxvirus vectors. We
howed that prime-boost immunization schemes employing
naked DNA-B vector at priming and recombinant poxvirus
ectors (MVA-B and NYVAC-B) at booster were efficient
mmunization protocols to induce specific cellular immune
esponses against HIV-1 peptide pools spanning Env, Gag,
ol and Nef antigens in both BALB/c and HHD mice. Dif-
erences in the magnitude of the immune response were
bserved between the poxvirus vectors in the two animal
odels. In BALB/c, the DNA-B prime/NYVAC-B boost
egime triggered an overall higher immune response than
NA-B prime/MVA-B boost, whereas in HHD the magni-
ude of the response was similar for both recombinant viruses.
he levels of IFN- secreting cells were lower in HHD than
n BALB/c mice, which correlate with the lower proportion
f total splenic CD8+ T cells in HHD mice (an average 3%
f total splenocytes). When we analyzed the intrinsic cel-
ular response directed against peptides represented in each
ndividual pool, we observed significant differences between
hem. Env-1 and Env-2 pools were the most immunogenic
n the transgenic mice. Other studies have demonstrated
hat competition or immunological dominance between CTL
pitopes would effectively reduce the breadth of the total
esponse induced by vaccination [28,29]. It has been pro-
osed that the rapidity with which a cell produces IFN-
s a major criterion that determines the cell survival and
uture expansion [30]. CD8+ T cells that can produce IFN-
ost rapidly in response to early expression and secretion
f Env protein will be selectively expanded; in this way, the
ominant primary CD8+ T cell response will comprise fast-
nset cells that are specific for Env antigen. Other factors
uch as MHC-binding affinity, efficiency of epitope process-
ng, and competition between T cells for access to APCs
an also contribute in the establishment of an immunodom-
nant response. In the case of the non-recognized peptide
ools, the MHC-binding affinity could have an effect on their
i
n
w
v5 (2007) 2863–2885
mmunogenicity. It has been demonstrated that the location
f the epitope (and flanking sequences) within a peptide can
ffect its binding to the MHC class I molecules and/or recog-
ition by CTLs when added exogenously, even at excess
oncentrations. Thus, some responses may not be detected
n libraries of overlapping peptides even if the recognized
pitope sequences are represented [31]. When prime/boost
as carried out with a combination of the poxvirus vec-
ors, the heterologous NYVAC-B/MVA-B approach induced
he broadest cellular immune response in both mouse mod-
ls, followed by the group receiving two doses of MVA-B.
n contrast, the breadth of the cellular immune response in
ice receiving the reverse MVA-B/NYVAC-B combination
as significantly affected. This result could be relevant in
he design of an effective immunization protocol with the
oxvirus vectors. Vaccines with very narrow cellular immune
esponses directed against one or a couple of epitopes can,
ver time, lose protective efficacy due to escape mutants of the
nfectious agent, as it has been shown in the case of simian-
IV infection [32]. Moreover, a broad reactive CTL response
as observed in long term non-progressors [33,34].
For HIV and most other viruses, induction of Th1 type
esponse, characterized by the production of IL-12, IL-2
nd IFN- is more likely to provide protection than induc-
ion of Th2 type response characterized by the production
f IL-4, IL-5, IL-10, IL-13 [35]. In our case, the pattern of
ytokine secretion after restimulation with the different pep-
ide pools indicated that the different protocols used induced
Th1 type response. We also detected high levels of MIP-1
nd RANTES -chemokines in the cell culture supernatants
f splenocytes stimulated with the different clade B peptide
ools. This result could be immunologically relevant if we
onsidered that elevated levels of RANTES were detected
n the genital tracts of Kenyan commercial sex workers who
ere exposed to HIV-1, and yet uninfected [36]. The strate-
ies employed in this study also elicited a specific humoral
mmune response against the gp160 protein from HIV-1 clone
AV.
The above findings demonstrate that the two poxvirus
ectors MVA-B and NYVAC-B are efficient immunogens
s they induced broad cellular immune responses against
he four different HIV antigens. In addition, we observed
ome differences in the magnitude and breadth of the immune
esponse to the HIV-1 epitopes, which depends on the vec-
or and protocol of immunization used. Although MVA-B
as a potent booster of cellular response, NYVAC-B was
ess efficient at inducing IFN- response after MVA-B or
YVAC-B priming. This result might be explained with
he type of anti-vector immunity induced by these recom-
inants. MVA has a genome size of 186 kb with 193 ORFs
ut only 152 intact genes [37], while in NYVAC only 18
RFs were deleted from the parental viral genome [38]. Ast has been previously suggested [12], a plausible mecha-
ism could be that because MVA has a smaller genome size
ith regions highly conserved among poxviruses, the anti-
ector immune response, which is developed after priming
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gainst MVA, might be directed against common antigens
nd, in turn, inhibit subsequent infection with NYVAC. In
ontrast, NYVAC might induce anti-vector immunity to anti-
ens that are not expressed in MVA and thus might have little
nfluence in the subsequent infection with MVA. This predic-
ion was confirmed assessing comparative data on anti-vector
mmunity induced by the two recombinants. After priming of
ALB/c mice with 2 × 107 PFU of NYVAC-B inoculated by
.p route, this vector induced a significantly higher anti-VV
ellular immune response in comparison with that induced
y priming with MVA-B (9074 IFN- secreting cells/106
plenocytes in NYVAC versus 5954 IFN- secreting cells/106
n MVA). Moreover, the IFN- secreted against viral anti-
ens was mainly produced by the T CD8+ cells, as revealed
y an Intracellular Cytokine Staining (ICS) assay. In ani-
als primed with MVA-B, 1.9% of CD8+ T cells and 0.3%
f CD4+ T cells produced IFN- against MVA antigens. In
ontrast, in animals primed with NYVAC-B, 6% of CD8+
cells and 0.8% of CD4+ T cells produced IFN- against
YVAC antigens. Furthermore, NYVAC-B also induced a
ignificantly higher anti-VV humoral immune response in
omparison with that induced by MVA-B. A recent study that
rovided the original description of poxvirus determinants
ecognized by mouse CD8+ T cells, demonstrated that MVA
ailed to induce responses to two of the defined epitopes,
robably because genes encoding the cryptic determinants
ay not be expressed at immunogenic levels by MVA in
ivo [39]. In another study, Oseroff et al., had defined 48
pitopes derived from vaccinia antigens that were identified
y PBMCs from humans vaccinated with Dryvax vaccine.
ome of these epitopes derived from B8R, D1R, D5R, C10L,
19L, C7L, F12L and O1L ORFs were efficiently recognized
y multiple donors in the context of different HLA types
40]. Interestingly, some of these ORFs are deleted in the
VA genome. These observations also help to explain the
mmunological differences that we have observed between
he two poxvirus vectors and should be taking into consid-
ration when MVA and NYVAC recombinants are used in
eterologous prime/boost combination, as the quality of the
mmune response might be critical in protection.
That the quality of the immune response obtained in
rime/boost protocols with poxvirus vectors is relevant in
rotection has been suggested by previous works using dif-
erent viruses encoding the same antigen in prime/boost
10,41–44]. In a study performed in the SIV macaque model,
t was shown that a systemic prime/boost immunization with
emliki Forest virus in combination with MVA, both vec-
ors expressing the env, gag-pol, nef, rev and tat genes of
IV, was more efficient that multiple immunizations with the
F
a
y
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ame vector for the induction of both humoral and cellular
mmune responses [45]. Significantly, other work conducted
n humans showed that the substitution of plasmid DNA
s the priming vector with a specific attenuated recombi-
ant fowlpox virus (FP9) vaccine in such FP9 prime/MVA
oost regimes can elicit sterile protection against malaria
hat can last for 20 months [12]. The IFN- response to
he DNA/MVA vaccine regime was greater than that of the
P9/MVA regime, but only the latter could induce com-
lete protection in some subjects. The same group demon-
trated that in the DNA-primed vaccinees the IFN- response
as mainly due to CD4+ T cells, whereas in the FP9-
rimed vaccinees it was mainly due to CD4-dependent
D8+ T cells [46]. These observations indicated that com-
inations with MVA and NYVAC vectors, that we have
hown triggered a broad immune response to HIV-1 anti-
ens, should be further explored in other animal models and
umans.
A phase I clinical trial conducted by EuroVacc using
YVAC expressing the gag, pol, nef and env genes of HIV-1
lade C (NYVAC-C) with a similar arrangement of inserts
s described here for NYVAC-B, indicated that the vaccine
as well tolerated by the human volunteers. Vaccine-induced
nti-HIV T cell responses were observed in 5/12 of the vac-
ine recipients. Env-specific responses were found in all five
esponding subjects but additional responses against other
roteins of HIV (e.g. Gag and Nef) were detected in 40%
f the responders (see www.EuroVacc.org). Another phase
clinical study conducted by EuroVacc in prime/boost with
NA-C and NYVAC-C has shown promising results. More-
ver, a phase I clinical trial with the MVA-B immunogen
escribed in this report will be carried out by EU-supported
heraVac. In this respect, the mouse preclinical results
btained in this study demonstrate the efficient immuno-
enicity and distinct characteristics of the two novel poxvirus
ectors, and highlight the relevance of MVA-B and NYVAC-
as vaccine candidates against HIV/AIDS.
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ppendix A. DNA sequence of MVA-B in the TK viral locus. Primers used to characterize the viral recombinants
re in bold and underlined
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eft TK flanking sequence 1–502 Complementary
IIBGag-Pol-Nef ATG–TAA (537–4517) Complementary
/L promoter for IIIBGag-Pol-Nef 4527–4565 Complementary
/L promoter for BX08gp120 4580–4
X08gp120 ATG–T
ight TK flanking sequence 6216–6618
GA (4628–6109)
907 Complementary
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bstract
Recombinants based on the attenuated vaccinia virus strains MVA and NYVAC are considered candidate vectors against different human
iseases. In this study we have generated and characterized in BALB/c and in transgenic HHD mice the immunogenicity of two attenuated
oxvirus vectors expressing in a single locus (TK) the codon optimized HIV-1 genes encoding gp120 and Gag-Pol-Nef (GPN) polyprotein of
lade C (referred as MVA-C and NYVAC-C). In HHD mice primed with either MVA-C or NYVAC-C, or primed with DNA-C and boosted
ith the poxvirus vectors, the splenic T cell responses against clade C peptides spanning gp120/GPN was broad and mainly directed against
ag-1, Env-1 and Env-2 peptide pools. In BALB/c mice immunized with the homologous or the heterologous combination of poxvirus vectors
r with Semliki forest virus (SFV) vectors expressing gp120/GPN, the immune response was also broad but the most immunogenic peptides
ere Env-1, GPN-1 and GPN-2. Differences in the magnitude of the cellular immune responses were observed between the poxvirus vectors
epending on the protocol used. The specific cellular immune response triggered by the poxvirus vectors was Th1 type. The cellular response
gainst the vectors was higher for NYVAC than for MVA in both HHD and BALB/c mice, but differences in viral antigen recognition between
he vectors was observed in sera from the poxvirus-immunized animals. These results demonstrate the immunogenic potential of MVA-C and
YVAC-C as novel vaccine candidates against clade C of HIV-1.
2006 Elsevier Ltd. All rights reserved.
eywords: HIV/AIDS; Clade C vaccine; Poxvirus vectors; MVA; NYVAC; DNA vectors; SFV vectors; Immune response; Mouse models
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A. Introduction
Since the discovery of AIDS in 1981, the global spread
f HIV has reached pandemic proportions. The number of
ndividuals living with the human immunodeficiency virus
HIV) grew to unprecedented heights in 2005, with an esti-
∗ Corresponding author. Tel.: +34 91 5854553; fax: +34 91 5854506.
E-mail address: mesteban@cnb.uam.es (M. Esteban).
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oi:10.1016/j.vaccine.2006.11.051ated 40.3 million people infected worldwide, of which 4.9
illion people contracted the disease in 2005. Sub-Saharan
frica continued to bear the major brunt of the epidemic
ith 25.8 million people living with the virus, accounting
or about two-thirds (64%) of all reported HIV/AIDS cases
http://www.unaids.org). Within this current HIV pandemic,
eographic distribution of HIV subtypes has shown that HIV-
clade C (HIV-1C) is the most prevalent subtype causing
ore than half of all global infections and 94% of infections in
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viruses were grown in primary chicken embryo fibroblast970 C.E. Go´mez et al. / Va
outhern Africa [1,2]. The high prevalence rates of HIV-1C in
ub-Saharan Africa and the increasing incidence of this sub-
ype and HIV-1C recombinants in rapidly growing epidemics
n India and China, respectively, underscore the vital impor-
ance of developing efficacious vaccines that target HIV-1C.
Despite the present understanding of several aspects of
IV-1C, the development of effective vaccine targeting
his clade has provided unprecedented scientific challenges
ainly due to some unique features of the biology of HIV-
C infections. Some of these characteristics include: (i) high
evels of intra-subtype viral diversity [3,4]; (ii) high viral
oads [5]; (iii) preferential CCR5 co-receptor tropism [6,7];
iv) a number of unique subtype signatures across the viral
enome [4,8]. In spite of the difficulties that are concerned
n generating an effective HIV-1C vaccine due to these and
ther more non-subtype specific attributes of HIV-1, several
roups are committed to the development and evaluation of
uch vaccines.
It is generally accepted that for prophylactic HIV-1 vac-
ines to achieve protection, they will have to induce both
umoral and cell-mediated immune responses. While efforts
ocused towards envelope-based humoral immunity induc-
ng vaccines are still on-going [9], they have been hampered
y the inaccessibility and instability of neutralizing epitopes
n primary HIV isolates [10,11]. In view of that, recent vac-
ine approaches have focused on the induction of cellular
mmune responses [12–14]. Evidence for the role of CD8+
cells in the control of virus replication includes temporal
orrelation between the appearance of HIV-specific CD8+T
ells and the decline of primary viremia [15,16], the fact that
everal HLA class I alleles (HLA-B57, HLA-B27, HLA-B63,
LA-B*1503) are associated with slow disease progression
17,18], the early selection of CTL escape viral mutants
uring primary infection [19,20] and the rapid increase of
iral loads in macaques infected with SIV after experimen-
al depletion of CD8+T cells [21–23]. A variety of vaccines
ave been developed to induce cell-mediated immunity.
mong them, naked DNA and live vectored recombinant
accines have extensively proved their immunological prop-
rties [24–27]. The two strains of vaccinia virus, MVA and
YVAC are currently being examined as recombinant vac-
ines against HIV [28] (see www.eurovacc.org). With several
xceptions, most pre-clinical HIV-1C vaccines have primar-
ly used plamid DNA as vector platform, while clinically
ested HIV-1C vaccines have used both DNA and recombi-
ant viral vector system [29].
In view of the need for the development of an HIV-
clade C vaccine, here we describe the construction and
n vitro characterization of two novel attenuated poxvirus
ectors MVA and NYVAC expressing four HIV-1 antigens
Env, Gag, Pol and Nef) from clade C in a single locus
the thymidine kinase region) of the viral genome. The viral
ectors are referred as MVA-C and NYVAC-C, and have
een designed to express gp120 as a cell released prod-
ct and GPN as an intracellular polyprotein lacking regions
nvolved in immunosupression. In addition, we have com-
(
c
v
w5 (2007) 1969–1992
ared in transgenic HHD and in BALB/c mice how MVA-C
nd NYVAC-C activate specific cellular immune responses
gainst peptide pools spanning the heterologous antigens
hen they were administered using different prime/boost
accination approaches. Our findings showed that in cultured
ells both recombinants efficiently express the four HIV-
antigens in a stable manner, but in contrast to MVA-C,
YVAC-C induced potent apoptosis. In HHD mice primed
ith either MVA-C or NYVAC-C, or primed with DNA-C and
oosted with the poxvirus vectors, the splenic T cell responses
gainst clade C peptides spanning gp120/GPN was broad
nd mainly directed against Gag-1, Env-1 and Env-2 pools.
owever, in BALB/c mice immunized with homologous and
eterologous combination of either the poxvirus vectors or
emliki forest virus (SFV) vectors expressing gp120/GPN,
he Env-1, GPN-1 and GPN-2 clade C peptide pools were
he most immunogenic. Differences in the magnitude of the
pecific cellular immune responses were induced by the two
oxvirus vectors, particularly in the prime/boost immuniza-
ion approaches. Our findings highlighted the immunological
elevance of NYVAC-C and MVA-C as potential vaccine
andidates against HIV/AIDS.
. Materials and methods
.1. Cells and poxviruses
Cells were maintained in a humidified air 5% CO2 atmo-
phere at 37 ◦C. Primary chicken embryo fibroblast cells
CEF) and human cells (HeLa) were grown in Dulbecco’s
odified Eagle’s medium (DMEM) supplemented with 10%
etal calf serum (FCS). The EL4gpnHHD cells expressing
oth the HIV-1 Gag-Pol-Nef polyprotein from clade B and
he chimeric human (-1, -2 and mouse -3) HLA-A2.1
eavy chain covalently linked to the human 2m light chain,
enominated HHD molecule and the RMAS-HHD cells,
ere kindly provided by Arnaud Didierlaurent (Centre Hos-
italier Universitaire Vaudois, Lausanne). They were grown
n RPMI 1640 supplemented with 10% FCS. The poxvirus
trains used in this work included: modified vaccinia virus
nkara (MVA) obtained after 586 passages in CEF cells
derived from clone F6 at passage 585, kindly provided by G.
utter, Germany), the genetically attenuated vaccinia-based
ector NYVAC (generated from the vaccinia virus Copen-
agen strain by selected deletion of 18 viral genes [30]) and
he recombinant NYVAC-C expressing the gp120 and Gag-
ol-Nef proteins from HIV-1CN54 (both parental NYVAC
nd recombinant NYVAC-C viruses provided by Sanofi-
asteur). The parental and recombinant NYVAC and MVACEF) cells, similarly purified through two 45% (w/v) sucrose
ushions, and titrated by immunostaining plaque assay as pre-
iously described [31]. The titration of the different viruses
as performed in CEF at least three times.
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Table 1
DNA sequence of primers used in the PCR analysis of MVA-C recombinant
virus
Oligos Sequence Position
TK-L 5′ TGATTAGTTTGATGCGATTC 3′ 342–361
gp120-1213 5′ ATCATCACCATCCCCTGC 3′ 929–946
gp120-1050 5′ GTCTTGTTCTGGAAGTGC 3′ 1092–1109
gp120-10 5′ TCGAGCATGGACAGGGCC 3′ 2132–2149
GPN-802 5′ TGGGTTTAAACAAGATCG 3′ 3048–3064
GPN-2198 5′ TGGGTCCTCTTGTTCAGC 3′ 4443–4460
GPN-2018 5′ CAAGGTGAAGCAGTGGCC 3′ 4263–4280
GPN-3820 5′ CGGCCTTGCCGATCTTGG 3′ 6065–6082
GPN-4000 5′ CCGACAAGAGCGAGAGCG 3′ 6245–6262
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.2. DNA vectors and codon optimized genes
The RNA- and codon-optimized HIV-1CN54 gp120
nd HIV-1CN54 Gag-Pol-Nef (GPN) gene constructs were
esigned and synthesized by GENEART GmbH (Regens-
urg, Germany). To generate the final DNA vaccine
onstructs, the CN54gp120 and CN54GPN genes were cloned
nto the pcDNA3.1 (Invitrogen, UK). Plasmids were purified
sing Maxi-Prep purification kits (Qiagen, Hilden, Germany)
nd diluted for injection in endotoxin-free phosphate buffered
aline (PBS).
.3. Construction of plasmid transfer vector
Plasmids pMA60gp120C/gagpolnefC-14,15 and
LZAW1 were provided by Sanofi-Pasteur. A 6.047 kbp
NA fragment containing the two synthetic early/late (E/L)
romoters [32] in a back-to-back orientation individually
riving a codon optimized gp120 and gagpolnef genes
f HIV-1 clade C (CN54) was excised with EcoRV from
lasmid pMA60gp120C/gagpolnefC-14,15, modified by
ncubation with Klenow DNA polymerase to generate blunt
nds, and cloned into pLZAW1 vector (previously digested
ith restriction endonuclease AscI, modified by incubation
ith Klenow, and dephosphorylated by incubation with
lkaline Phosphatase, Calf Intestinal (CIP)) generating the
lasmid transfer vector pLZAW1gp120C/gagpolnef-C-14
Fig. 1). The resulting plasmid directs the insertion of the
oreign genes into the TK locus of MVA genome and allows
he generation of a recombinant virus without selectable
arker.
.4. Construction of the recombinant virus MVA-C
CEF from 11-day old SPF eggs were infected with MVA
t a multiplicity of 0.05 PFU/cell and then transfected with
0g DNA of plasmid pLZAW1gp120C/gagpolnef-C-14
sing lipofectamine reagent according to the manufacturer’s
rotocol (Invitrogen, San Diego, CA). After 72 h post
nfection the cells were harvested, sonicated and used for
ecombinant virus screening. Recombinant MVA viruses
ontaining the CN54gp120 and CN54Gag-Pol-Nef genes from
lade C, and transiently co-expressing the -gal marker gene
MVA-C (X-gal+)), were selected by consecutive rounds
f plaque purification in CEF cells stained with 5-bromo-
-chloro-3-indolyl -galactoside (X-Gal) (300g/mL). In
he following plaque purification steps, recombinant MVA
iruses containing the CN54gp120 and CN54Gag-Pol-Nef
enes and having deleted the -gal gene (by homologous
ecombination between the TK left arm and the short TK left
rm repeat that are flanking the marker) were isolated by two
dditional consecutive rounds of plaque purification screen-
ng for non-staining viral foci in CEF cells in the presence of
-Gal (300g/mL). In each round of purification the isolated
laques were expanded in CEF cells for 3 days, and the crude
irus obtained were used for the next plaque purification
c
F
c
cK-R 5 TGTCCTTGATACGGCAG 3 6823–6839
heir positions in the DNA sequence of MVA-C within the TK viral locus
re represented.
ound. The resulting MVA-C virus was purified through two
5% (w/v) sucrose cushions and titrated by immunostaining
n CEF cells. Purity of the recombinant virus was confirmed
y PCR with primers spanning the junction and internal
egions of the inserts and by DNA sequence analysis.
.5. PCR analysis of recombinant MVA-C
Viral DNA was extracted by the method of SDS-
roteinase K-Phenol from CEF cells infected at 5 PFU/cell
ith the recombinant MVA-C virus. Different set of primers
nnealing in the TK flanking sequences and in internal
egions of the inserted genes were used for PCR analysis
see Table 1). The amplifications were performed with Plat-
num Taq DNA polymerase (Invitrogen, San Diego, CA), and
he conditions were optimized for each set of primers. DNA
xtracted from CEF cells infected either with MVA-WT or
ith NYVAC-C viruses were used as negative and positive
ontrols respectively.
.6. Time-course expression of CN54gp120 and CN54GPN
roteins from MVA-C and NYVAC-C
CEF cells grown in 12 well-plates were infected at
PFU/cell with the recombinants MVA-C and NYVAC-C. At
, 18 and 24 h post infection (h pi), cells were collected and
entrifuged at 1500 rpm for 10 min. The supernatant (S) was
emoved and concentrated by speed-vacuum. Cellular pellets
P) were lysed in cold buffer (50 mM Tris–HCl pH 8, 0.5 M
aCl, 10% NP-40, 1% SDS). The supernatant and pellet sam-
les, both containing equal amounts of protein (12g), were
un on 10% SDS-PAGE. The expression of CN54gp120 and
N54GPN proteins was visualized following Western blottinglonal anti-gag p24 serum (ARP 432, NIBSC, Centralised
acility for AIDS reagent, UK), respectively. Detection of
ellular -actin protein was used as an internal loading
ontrol.9
1972 C.E. Go´mez et al. / Vaccine 25 (2007) 1969–1992
Fig. 1. Scheme for the construction of the transfer vector pLZAW1gp120C/gagpolnef-C-14. A 6.047 kbp DNA fragment containing the two synthetic early/late
(E/L) promoters in a back-to-back orientation individually driving a codon optimized CN54gp120 and CN54GPN genes of HIV-1 clade C was excised with EcoRV
from plasmid pMA60gp120C/gagpolnefC-14,15, modified by incubation with Klenow DNA polymerase to generate blunt ends, and cloned into pLZAW1 vector
(previously digested with restriction endonuclease AscI, modified by incubation with Klenow, and dephosphorylated by incubation with Alkaline Phosphatase,
C C/gagp
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calf Intestinal (CIP)) generating the plasmid transfer vector pLZAW1gp120
nto the thymidine (TK) locus of MVA genome and allows the generation o
.7. Genetic stability of recombinant poxviruses
Monolayers of CEF cells were infected at 0.05 PFU/cells
ith MVA-C or NYVAC-C recombinants. At 72 h pi cells
ere collected by scrapping. After three freeze–thaw cycles
nd brief sonication, the cellular extract was centrifuged
t 1500 rpm for 5 min and the supernatant was used fornew round of infection at 0.05 PFU/cell. The same
rocedure was repeated until passage 10. Expression of
N54gp120 and CN54GPN proteins at all passages was
etected by Western blot and immunostaining assays
a
F
l
wolnef-C-14. The resulting plasmid directs the insertion of the foreign genes
mbinant virus without the selectable marker.
sing anti-gp120 and anti-gag p24 polyclonal antibodies,
espectively.
.8. Analysis of poxvirus growth
To determine virus-growth profiles, monolayers of CEF
ells grown in 6 well tissue culture plates were infected
t 0.01 PFU/cell with MVA-C or NYVAC-C recombinants.
ollowing virus adsorption for 60 min at 37 ◦C, the inocu-
um was removed. The infected cells were washed twice
ith DMEM medium without serum, and incubated with
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resh DMEM containing 2% of FCS at 37 ◦C in a 5% CO2
tmosphere. At 24, 48 and 72 h pi, cells were removed by
craping, centrifuged at 1500 rpm for 5 min and both pel-
et and supernatant were collected. The supernatants were
tored at 4 ◦C for no more than 48 h before virus titra-
ion. The pellet was resuspended in serum-free medium at
0 × 106 cells/mL, freeze-thawed three times, sonicated, and
entrifuged at 1500 rpm for 5 min. The supernatant was col-
ected and referred as cell lysates. Virus titers in supernatants
nd cell lysates were determined by immunostaining assay in
EF cells using rabbit polyclonal antibodies against vaccinia
irus (VV) strain WR.
.9. Phase contrast microscopy and measurement of
oxvirus induced apoptosis
To evaluate the cytopathic effects (CPE) under non-
ermissive conditions, HeLa cells were seeded into six-well
issue culture plates and grown to confluence. The cells
duplicate wells) were infected at 5 PFU/cell with MVA-C
r NYVAC-C recombinants and cell morphology visualized
y phase contrast microscopy at 24 h pi.
To evaluate apoptosis, the cleavage of poly ADP-ribose
olymerase (PARP) was analyzed by Western blot at 4, 8 and
6 h post-infection in extracts from HeLa cells infected with
VA-C or NYVAC-C recombinants at 5 PFU/cell. Rabbit
olyclonal anti-Human PARP was supplied by Cell Signal-
ng and the monoclonal antiboby against-actin was supplied
y Sigma. In addition, apoptosis levels were measured using
he cell death detection enzyme-linked immunosorbent assay
ELISA) kit (Roche) according to manufacturer’s instruc-
ions. This assay is based on the quantitative sandwich
nzyme immunoassay principle, and uses mouse monoclonal
ntibodies directed against DNA and histones to estimate the
mount of cytoplasmic histone-associated DNA fragments.
.10. Construction of the SFV expressing HIV-1 clade C
ag/Pol/Nef or Env
For construction of pSFV4.2-HIVC-Env/syngp120 (clade
, CN54), the sequence encoding the HIV-1 clade C
yngp120 was isolated from pCR-Script-syngp120 as a NotI-
paI fragment and ligated into the pSFV4.2 expression vector
33]. For production of pSFV4.2-HIVC-Gag-Pol-Nef, the
equence encoding Gag-Pol-Nef was isolated as a KpnI–XhoI
ragment from pScript-synGag-Pol-Nef. The fragment was
rst inserted into the pET43 transfer plasmid and there-
fter excised as an XhoI–SmaI fragment for insertion into
he pSFV4.2 vector. For generation of recombinant parti-
les, RNAs from the two SFV recombinant plasmids were
ynthesized in vitro and packaged into SFV particles using
he two-helper RNA system described elsewhere [33,34].
he recombinant SFV particles were harvested and puri-
ed by ultracentrifugation through a 20% sucrose cushion.
ndirect immunofluorescence of infected BHK cells were per-
ormed to determine the titre of the recombinant virus stocks
p
w
N
t5 (2007) 1969–1992 1973
33,34]. Antigen expression was verified in infected BHK-21
ells by metabolic labelling with [35S]methionine and further
onfirmed by immunoprecipitation as described previously
35]. Immunoprecipitation and indirect immunofluorescence
ssays for analysis of Gag-Pol-Nef were performed with
Abs against p24 (EVA repository reagent Mab HIV-1
55/p24 ARP313 (EH12E1)). For the analysis of expression
f the syngp120, polyclonal antibodies against gp120 were
sed.
.11. Peptides
The HIV-1 peptide pools Gag-1, Gag-2, Env-1, Env-2,
PN-1, GPN-2, GPN-3, NEF and CTRL, with each purified
eptide at 25g per vial were provided by EuroVacc. They
panned the entire Env, Gag, Pol and Nef regions from clade
included in the immunogens as consecutive 15-mers over-
apped by 11 amino acids. The CN54gp120 protein (499 aa)
as spanned by the Env-1 (aa: 1–239; 49 peptides) and Env-
(aa: 229–499; 63 peptides) pools. The Gag-Pol-Nef fusion
rotein (1417 aa) was spanned by the following pools: Gag-1
aa: 1–254; 60 peptides), Gag-2 (aa: 244–500; 61 peptides),
PN-1 (aa: 485–735; 60 peptides), GPN-2 (aa: 725–831 and
a: 1017–1175; 61 peptides), GPN-3 (aa: 1165–1417; 61
eptides) and NEF (aa: 838–1044; 49 peptides). The CTRL
eptide pool was used as negative control. It contains 23 pep-
ides mostly from CMV, EBV and influenza, each at 50g.
.12. Mice immunization
BALB/c mice were purchased from Harlan. Trans-
enic HHD mice were kindly provided by Dr. Lemonnier
Pasteur Institute, France). They are double-knockout for
2-Db and 2-microglobulin and transgenic for a chimeric
LA-A2 molecule [36]. HHD mice were immunized with
× 107 PFU of either MVA-C or NYVAC-C in 200L
f PBS by intraperitoneal route (i.p.). When the het-
rologous DNA/rVV prime–boost approach was assayed,
nimals received 100g of DNA-C (50g of pcDNA-
N54gp120 + 50g of pcDNA-CN54GPN) by intramuscular
oute (i.m.) and two weeks later received an intraperitoneal
noculation of 2 × 107 PFU of the corresponding rVVs. When
he homologous rVV/rVV prime–boost approach was used,
nimals received 2 × 107 PFU of the corresponding rVVs
y i.p. route at day 0 and 15. In SFV-C prime/poxvirus-C
oost approach age-and sex-matched BALB/c mice (7–12
ks of age) from Bomholtgard, Denmark were immu-
ized with SFV-based HIV-clade C vaccine that contained
he combination of SFV-HIV-C-GPN (0.5 × 107 IU) and
FV-HIV-C-gp120 (0.5 × 107 IU) resuspended in PBS. The
FV-LacZ virus (1 × 107 IU) was used as control. All viruses
ere produced with the Two-Helper RNA System [33,34] and
urified by sucrose gradient ultracentrifugation. The booster
as given on day 14 using different doses of MVA-C or
YVAC-C by i.m route. Ten days after the last immuniza-
ion mice were sacrificed and spleens processed for ELISPOT
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ssay. At least two independent experiments have been per-
ormed for the different immunization protocols.
.13. IFN-γ and IL-2 ELISPOT assay
Fresh IFN- ELISPOT assay was performed as previ-
usly described [37]. Briefly, 105–106 splenocytes (depleted
f red blood cells) were plated in triplicate in 96-
ell nitrocellulose-bottomed plates previously coated with
g/mL of anti-mouse IFN- mAb R4-6A2 (Pharmingen,
an Diego, CA). HIV-1 peptide pools from clade C and neg-
tive control (CTRL) pool were resuspended in RPMI 1640
upplemented with 10% FCS and added to the cells at a final
oncentration of 5g/mL for each peptide. When the cellular
esponse against the viral antigens was evaluated, RMAS-
HD cells were infected with MVA-WT or NYVAC-WT at
PFU/cell. At 4 h pi cells were washed and treated with mit-
mycin C (30g/mL; Sigma). The cross-reactive response
gainst the clade B Gag-Pol-Nef antigen was evaluated using
he EL4gpnHHD cells. As control, RMAS-HHD cells were
sed.
Plates were incubated at 37 ◦C, 5% CO2 for 48 h (except
or the experiments using SFV-C, in which they were incu-
ated for 20 h), washed extensively with PBS containing
.05% of Tween20 (PBS-T) and incubated 2 h at RT with a
olution of 2g/mL of biotinylated anti-mouse IFN- mAb
MG1.2 (Pharmingen) in PBS-T. Afterwards, plates were
ashed with PBS-T and 100L of peroxidase-labeled avidin
Sigma, St. Louis, MO) at 1:800 dilution in PBS-T was added
o each well. After 1 h of incubation at RT, wells were washed
ith PBS-T and PBS. The spots were developed by adding
g/mL of the substrate 3,3′-diaminobenzidine tetrahy-
rochloride (Sigma) in 50 mM Tris–HCl, pH 7.5 containing
.015% hydrogen peroxide. The spots were counted with the
id of a stereomicroscope (or in the case of experiments using
FV, using an automated Elispot reader (Axioplan 2 Imaging,
eiss, Go¨ttingen, Germany)). Fresh IL-2 ELISPOT assay was
arried out identically as before but using the anti-mouse IL-2
Ab JES6-1A12 (Pharmingen) and biotinylated anti-mouse
L-2 mAb JES6-5H4 (Pharmingen) as capture and detection
ntibody respectively.
.14. Evaluation of cytokine levels by ELISA
Splenocytes from immunized mice (5 × 105 cells) were
timulated with 2g/mL of each peptide pool at 37 ◦C, 5%
O2 for 6 days. Culture supernatants were collected and
tored at −70 ◦C until performing the assay. Levels of IFN-
and IL-10 were evaluated using commercial ELISA kits
Pharmingen).
.15. Antibody measurements by enzyme-linked
mmunosorbent assay (ELISA)
The humoral response against either the HIV-1 pro-
eins from clade B LAVgp160 and SF2p55 Gag or against
i
p
w5 (2007) 1969–1992
V proteins were detected by ELISA. High binding
olystyrene microtitre plates (Nunc) were coated with
00L of the specific protein diluted at 10g/mL in 0.05 M
arbonate–bicarbonate buffer pH 9.6 overnight at 4 ◦C. The
ells were washed twice with PBS plus 0.05% Tween
0 (PBS-T) and blocked with PBS containing 10% FCS
blocking solution) during 1 h at 37 ◦C. Serum samples
iluted in blocking solution were added in a volume of
00L/well and incubated 2 h at 37 ◦C. Plates were washed
ve times with PBS-T before the detection antibody was
dded. Peroxidase-conjugated goat anti-mouse immunoglob-
lin G (IgG) antibody (Southern Biotechnology Associates,
irmingham, AL) was diluted 1:1000 in blocking solution
nd incubated for 1 h at 37 ◦C. The plates were washed
gain five times with PBS-T and the 3,3′,5,5′-tetramethyl-
enzidine (TMB) liquid substrate system for ELISA (Sigma)
as used to reveal the reaction. After 10–15 min of incuba-
ion at RT, the reaction was stopped by adding 2N H2SO4,
nd absorbance was measured at 450 nm on a Multiskan Plus
late reader (Labsystem, Chicago, IL).
.16. Statistical procedures
All the data were logarithmically transformed and the
eans compared using ANOVA and Duncan’s multiple range
est.
. Results
.1. Construction of MVA-C
MVA-C, a recombinant MVA expressing HIV-1 clade C
ag, Pol, Nef and Env antigens, was constructed by homol-
gous recombination in CEF cells. Gag-Pol-Nef is a fusion
rotein composed of gag, pol and nef ORFs from HIV-1 clone
N54, that has been modified to enhance its immunogenicity
nd remove, for safety considerations, undesirable domains
f the HIV antigens. Gp120 Env protein originates from the
ame HIV-1 isolate (CN54). In both cases, the codon usage
as adapted to highly express human genes.
In this study we developed a new transfer vector which
liminated the marker gene from the final recombinant
irus and allows the insertion of the gag-pol-nef and env
RFs in the same viral locus, both under the transcrip-
ional control of the VV synthetic early/late viral promoter.
he new vector contained a -gal reporter gene sequence
etween two repetitions of the left TK flanking arm which
llowed the reporter to be automatically deleted from the
nal recombinant virus by homologous recombination after
wo-three passages. The construction of the transfer vector
LZAW1gp120C/gagpolnef-C-14 is shown at Fig. 1.Homologous recombination was achieved by infect-
ng CEF cells with MVA and transfection with
LZAW1gp120C/gagpolnef-C-14. X-Gal staining plaques
ere picked twice to isolate recombinants free of the
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arental MVA. Subsequently, non-staining plaques were
icked repeatedly to isolate rMVA that had lost the reporter
ene. Several independent clones of MVA-C were isolated,
nalyzed for expression of CN54gp120 and CN54GPN by
estern blot and immunostaining of plaques, and propagated
n CEF cells.
.1.1. Screening of recombinant MVA-C virus by PCR
nalysis
The correct insertion of the HIV-1 genes in the recombi-
ant MVA-C virus was confirmed by PCR and DNA sequence
nalysis. Viral DNA purified from CEF cells infected with
VA-C was amplified using different set of primers anneal-
ng in the TK flanking sequences and in internal regions of
he inserted genes (see Table 1). The sizes of the expected
CR products are represented in Fig. 2A. For compara-
ive purposes, DNA extracted from CEF cells infected with
YVAC-C or with the wild type strain of MVA (MVA-WT)
ere used. As shown in Fig. 2B, the amplifications performed
ith the different set of primers reveals that gag-pol-nef and
nv ORFs were inserted successfully into the MVA TK locus,
nd also that no wild-type contamination was present in the
MVA preparation. These results were confirmed by DNA
equence analysis of the MVA-C TK locus (see Appendix
).
.2. Construction of NYVAC-C
The recombinant virus NYVAC-C containing, as for
VA-C, the same cassette of HIV-1 genes in the TK locus
nd under regulation of the synthetic early/late promoter, was
enerated by Sanofi-Pasteur. The approach was similar as for
VA-C but instead used a different transfer vector, plaque-
ifting and 32P-labeled of the inserts for the isolation of the
ecombinant virus. The correct inserts in the virus genome
ere confirmed by PCR and DNA sequence analyses (not
hown).
.3. Characterization of MVA-C and NYVAC-C
ecombinants
.3.1. In vitro expression of CN54gp120 and CN54GPN
roteins by MVA-C and NYVAC-C
In order to characterize the expression of CN54gp120 and
N54GPN proteins by MVA-C and NYVAC-C recombinants,
time course analysis was carried out. The kinetics of syn-
hesis of Env protein was similar in MVA-C and NYVAC-C
nfected cells. CN54gp120 was efficiently released from cells
y 18 h pi. (Fig. 2C, left panel). As compared to NYVAC-
, the full length CN54GPN fusion protein was produced in
VA-C infected cells but at different levels depending on the
ime point after infection (Fig. 2C, right panel). There is also
reakdown of GPN in infected cells. With time (18 and 24 h
i) the CN54GPN expression levels in cell extracts were appar-
ntly reduced in NYVAC-C versus MVA-C infected cells,
robably due to the phosphorylation of the initiation factor
e
h5 (2007) 1969–1992 1975
IF-2, as previously described for NYVAC but not MVA
38].
.3.2. Genetic stability of MVA-C and NYVAC-C
To verify that the MVA-C and NYVAC-C recombinants
ould be passage without lost of the transgene, a stability
est was performed. The recombinants were continuously
assaged from P2 stock to P10 in CEF cells. Expression of
nv and Gag-Pol-Nef antigens at the different passages was
etermined by Western blot and immunostaining assay. As
hown in Fig. 3A, MVA-C efficiently expresses CN54gp120
nd CN54GPN proteins after 7, 8, 9 and 10 passages in CEF
ells. Nearly 100% of plaques generated in cells infected
ith the P10 stock stained with antibody to both Gag and
nv proteins (Fig. 3B). The genetic stability of the inserts
or NYVAC-C was similarly confirmed after the tenth pas-
age (not shown). These results revealed that MVA-C and
YVAC-C were genetically stable and express efficiently the
oreign proteins after 10 consecutive passages.
.3.3. Virus growth of MVA-C and NYVAC-C
To analyze the viral growth characteristics of MVA-C in
omparison with NYVAC-C under permissive conditions,
onolayers of CEF cells were infected at 0.01 PFU/cell with
ach virus for 0, 24, 48 and 72 h. Infectious viruses that
emained cell-associated and released to the medium during
he course of the infection were measured by immunostain-
ng assay. As shown in Fig. 3C, left panel, the virus titers in
he supernatant of cells infected with NYVAC-C were about
log lower than those obtained in the supernatant of cells
nfected with MVA-C at the three times assayed. However,
he titers of cell-associated viruses in MVA-C and NYVAC-C
nfected cells were similar (Fig. 3C, right panel).
.3.4. A hallmark of NYVAC-C infection is the induction
f apoptosis, but not of MVA-C
We have recently described that during infection of cul-
ured cells with parental NYVAC strain there is induction
f apoptosis while parental MVA does not induce apopto-
is [39]. To define if recombinant NYVAC-C also induces
poptosis and to compare it with MVA-C, we performed
hree different assays in human HeLa cells. As shown in
ig. 4, NYVAC-C infection triggers apoptosis in infected
ells as measured by phase contrast microscopy (panel A),
y PARP cleavage (panel B) and by ELISA test (panel C).
hese effects were minimally observed in cells infected with
VA-C. These differences may have an impact on immune
esponses. Thus, we next analyzed the immune responses
licited in mice by the two recombinant vectors.
.4. Immunogenicity of MVA-C and NYVAC-C
ecombinants in HHD miceTo analyse whether CN54gp120 and CN54GPN proteins
xpressed by MVA-C and NYVAC-C were recognized by
uman MHC class I molecules, we immunized transgenic
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Fig. 2. Characterization of MVA-C and NYVAC-C recombinant viruses. (A) Scheme of the MVA-C insert within the TK viral locus. The positions of the
different sets of primers used for PCR analysis and the expected sizes of PCR products are represented. (B) PCR analysis of the MVA-C insert in the TK
viral locus. 100 ng of viral DNA extracted from CEF cells infected at 5 PFU/cell with NYVAC-C (lane 1), MVA-C (lane 2) or MVA-WT (lane 3) were used
for PCR analysis. PCR conditions were optimized for each set of primers. (C) Time-course expression of CN54gp120 and CN54GPN proteins in cells infected
with MVA-C and NYVAC-C recombinants. The expression of CN54gp120 and CN54GPN proteins at indicated times post-infection of CEF cells was visualized
by western blot in supernatants (S) and pellet (P) samples of mock (M) or infected cells at 5 PFU/cell with MVA-C or NYVAC-C recombinant viruses.
The cellular -actin protein expression was used as internal loading control. Arrows at the right indicate the position of CN54gp120, CN54GPN and -actin
proteins.
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Fig. 3. (A) Analysis of MVA-C stability after several rounds of viral amplification in CEF cell culture. MVA-C stability after passages in CEF cells. The
expression of CN54gp120 and CN54GPN proteins was visualized by western blot in samples of mock-infected CEF cells (Mock) and infected at 5 PFU/cell
with either NYVAC-C (used as positive control) or the different passages of MVA-C (from P7 to P10). Arrows at the right indicate the position of CN54gp120,
CN54GPN proteins. The immune reactive band of about 40 kDa appearing with anti-gp120 is of viral origin and not a breackdown product of gp120. (B)
Immunostaining analysis of heterologous antigen expression by MVA-C after 10 passages in CEF cells. Plaques generated in CEF cells infected with a 10−5
dilution of P10 stock of MVA-C were analyzed by immunostaining using anti-gp120, anti-p24 and anti-WR polyclonal antibodies. The numbers of virus
plaques that were positive for each antibody were represented in a graphic. (C) Virus growth of MVA-C and NYVAC-C in CEF cells. Monolayers of CEF cells
were infected at 0.01 PFU/cell with MVA-C or NYVAC-C recombinants for 0, 24, 48 and 72 h. Cells were collected by centrifugation and infectious viruses
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essociated to the cells (left panel) and released to the supernatant (right pa
verages of three independent experiments are shown with standard error b
HD mice that exclusively display a chimerical human HLA-
2.1 as MHC class I molecule [36]. Two groups of HHD mice
n = 4) were primed by the i.p route with 2 × 107 PFU of either
VA-C or NYVAC-C. Ten days after the immunization, the
ellular immune responses induced in the spleen against VV
ntigens (WR strain) or against pools of overlapping peptides
hat span the HIV-1 CN54gp120 and CN54GPN proteins were
valuated by fresh IFN- ELISPOT assay. The cross-reactive
esponse against Gag-Pol-Nef antigen from clade B was also
p
m
3
wring the course of the infection were quantified by immunostaining assay.
ssayed using the EL4gpnHHD cells. The numbers of spots
btained with the negative CTRL pool or with non-infected
MAS-HHD cells were subtracted in all cases.
As shown in Fig. 5A, MVA-C induced a significant
nhancement of splenic T-cell response against the clade C
eptide pools Gag-1, Env-1 and Env-2, in comparison with
ice primed with NYVAC-C (p < 0.05). The GPN-1, GPN-
and NEF pools were poorly recognized by this group,
hereas no specific cellular response was detected against the
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Fig. 4. Differences in apoptosis induction by MVA-C vs. NYVAC-C. (A) Cytopathic effects of MVA-C and NYVAC-C in human cells. Monolayers of HeLa
cells were mock-infected or infected at 5 PFU/cell with recombinant MVA-C and NYVAC-C viruses. At 24 h pi the morphological changes characteristic of
apoptosis in the cells were examined by phase-contrast microscopy. (B) Western blot analysis of PARP cleavage in HeLa cells infected with MVA-C and
NYVAC-C. Monolayers of HeLa cells were mock-infected (M) or infected at 5 PFU/cell with recombinant MVA-C and NYVAC-C viruses. At different times
post-infection the cell extracts were collected and analysed by western blot. The cellular -actin protein expression was used as internal loading control. (C)
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tuantitation of apoptosis after infection with MVA-C or NYVAC-C. Mon
ecombinant MVA-C and NYVAC-C viruses and the extent of apoptosis wa
ag-2 and GPN-2 pools. Splenocytes from animals immu-
ized with NYVAC-C only recognized the Env-1, Env-2,
PN-1 and GPN-2 pools, but the number of specific IFN-
ecreting cells against them were lower than 40. The magni-
ude of the total response for clade C pools, determined by
he overall number of IFN- secreting cells, was more than
times higher in the group receiving MVA-C (Fig. 5B). In
he same way, the breadth of the clade C-specific response
er group, as measured by the number of positive pools, was
lso higher in animals primed with MVA-C.
The cross-reactive immune response against the GPN
olyprotein from clade B was also assayed using the
r
[
cof HeLa cells were mock-infected (Mock) or infected at 5 PFU/cell with
ined at 24 h pi by ELISA. Absorbance at 405 nm is represented.
L4gpnHHD cells as antigen presenting cells (APCs). As
hown in Fig. 5C after priming, MVA-C induced higher cel-
ular and humoral response than NYVAC-C against clade B
ntigens. When the anti-VV immune response was evaluated
e observed that contrary to the anti-clade C or anti-clade
specific responses, NYVAC-C induced the highest cellular
nd humoral responses against VV-antigens (1.5 fold higher
han that induced by MVA-C) (Fig. 5C).Since a balance between a Th1 and Th2 type of immune
esponses may be critical for the control of HIV infection
40], our next approach was to determine the profile of
ytokines triggered in immunized mice. Thus, we quanti-
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Fig. 5. Immunogenicity of MVA-C and NYVAC-C in HHD transgenic mice. (A) Cell-mediated immune response detected by fresh IFN- ELISPOT. Groups
of 4 HHD transgenic mice were inoculated with 2 × 107 PFU of the corresponding rVV by i.p. route. Ten days later, the vaccine-elicited functional immune
responses of splenocytes were measured in an IFN- ELISPOT assay following stimulation with 5g/mL of pools of overlapping peptides spanning the entire
HIV-1 CN54gp120 and CN54GPN proteins. The number of spots obtained with the negative CTRL pool was subtracted in all cases. Peptide-specific IFN-
secreting cells with standard deviation from triplicate cultures are shown. ©Statistically significant differences (p < 0.05) between each peptide pool and the
CTRL pool. *Statistically significant differences (p < 0.05) between groups. (B) Magnitude of the total response for clade C pools. Bars represent the total
number of antigen-specific IFN- secreting cells detected in each group against all the peptide pools spanning the Ags included in MVA-C and NYVAC-C
recombinants. (C) Cross-reactive response against antigens from HIV-1 clade B. Left panel: Anti-GPN-B cellular response. Spleen cells from immunized
animals were used as responder cells in the ELISPOT assay with EL4gpnHHD cells as targets. The number of spots obtained with control RMAS-HHD cells
was subtracted in both groups. Right panel: Anti clade-B humoral response. Sera of mice were diluted at 1/50 and assayed in ELISA quantifying specific IgG
Abs against LAVgp160 and SF2p55 Gag antigens from HIV-1 clade B. Sera from naı¨ve mice were used as control group (C-). (D) Anti-VV immune response.
Left panel: Anti-VV cellular response elicited against VV antigens. Spleen cells from immunized animals were used as responder cells in the ELISPOT assay
with RMAS-HHD cells infected with either MVA-WT or NYVAC-WT as targets. The number of spots obtained with non-infected RMAS-HHD cells was
subtracted. Right panel: Anti-VV humoral response. Sera of mice were diluted at 1/500 and assayed in ELISA quantifying specific IgG Abs against VV antigens.
Sera from naı¨ve mice were used as control group (C-).
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Table 2
Cytokine production (pg/mL) by splenocytes from HHD mice immunized
with MVA-C or NYVAC-C
A MVA-C NYVAC-C
IFN- IL-10 IFN- IL-10
Gag-1 2920 670 306 505
Gag-2 <20 590 166 292
Env-1 753 730 553 222
Env-2 1767 490 103 160
GPN-1 940 690 <20 132
GPN-2 883 395 <20 85
GPN-3 950 160 1256 97
NEF <20 80 <20 57
Total 8213 3805 2384 1550
IFN-/IL-10 2.16 1.5
HHD mice were immunized as described in Section 2. Ten days after the
immunization the animals were sacrificed and their spleens were processed.
The splenocytes from each group were stimulated in vitro with 2g/mL of
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iifferent HIV-1 peptide pools from clade C and incubated for 6 days at 37 ◦C.
hereafter, cell supernatants were collected and stored at −70 ◦C. Cytokine
evels were measured with specific commercial kits.
ed the levels of type 1 (IFN-) and type 2 (IL-10) cytokines
n cell culture supernatants restimulated with specific HIV-
peptide pools. As shown in Table 2, higher levels of
FN- were secreted against the different clade C pools by
plenocytes from mice primed with MVA-C compared with
YVAC-C. The levels of IL-10 (as index of Th2) were also
igher in MVA-C immunized mice, and the IFN-/IL-10
atio obtained suggests induction of a Th1 type of immune
esponse.
.5. NYVAC-C efﬁciently boosts the response induced by
riming with DNA-C in transgenic HHD mice
Since a DNA prime/rVV boost immunization regime
as been shown to be an efficient vaccination approach
n different animal models, specially in the ability to
nduce specific cellular immune responses to HIV antigens
41,42], we wished to evaluate the magnitude and breadth
f the anti-clade C specific cellular response triggered in
ransgenic HHD mice using this strategy. For this purpose,
roups of mice were first primed with two DNA vectors,
ne that expresses only HIV-1 Env (CN54gp120), and the
ther expressing the Gag-Pol-Nef fusion protein from
lade C (both vectors referred as DNA-C), and two weeks
ater the animals were boosted with the same dose of
NA-C (100g), or with 2 × 107 PFU of either MVA-C or
YVAC-C, both expressing the same antigens as DNA-C.
nimals primed with sham DNA (DNA-) and boosted
ith NYVAC-WT were used as control. Vaccine-elicited
unctional immune responses of splenocytes were measured
0 days after the last immunization by fresh IFN- and
L-2 ELISPOT assays using pools of overlapping peptides
pecific to clade C of HIV-1. The number of spots obtained
ith the negative control (CTRL) pool was subtracted in all
ases.
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As shown in Fig. 6A, Env-1 and Env-2 peptide pools were
fficiently recognized by splenocytes from mice immunized
ith DNA-C/MVA-C (group 1), DNA-C/NYVAC-C (group
) or DNA-C/DNA-C (group 3) in contrast with the con-
rol group (DNA-/MVA-WT) where no specific response
as detected (p < 0.05). The Gag-1 pool was immunogenic
or animals boosted with MVA-C (group 1) or NYVAC-C
group 2), whereas GPN-2 and GPN-3 pools were only rec-
gnized by group 2 (DNA-C/NYVAC-C). The Gag-2, GPN-1
nd NEF pools were poorly recognized. The magnitude of the
otal response for clade C pools, determined by the overall
umber of IFN- secreting cells was significantly higher in
nimals boosted with NYVAC-C (p < 0.05) (Fig. 6B).
To characterize in more detail the cellular immune
esponse elicited in HHD mice using DNA/rVV approach, we
erformed a fresh IL-2 ELISPOT. As shown in Fig. 6C and A,
he IL-2 and IFN- responses behaved similarly in the three
roups. Env-1 and Env-2 pools were the most immunogenic
pitopes, followed by Gag-1 and GPN-3. The total number
f IL-2 secreting cells in the spleen of animals from group
(DNA-C/NYVAC-C) and group 3 (DNA-C/DNA-C) was
igher than found in mice boosted with MVA-C (group 1), but
ot statistical differences were observed between the groups
p > 0.05) (Fig. 6D).
The Th type of immune response was also evaluated
sing all of the clade C peptide pools. As shown in Table 3,
he total levels of IFN- found in the supernatants of
timulated splenocytes from groups 1 (DNA-C/MVA-C), 2
DNA-C/NYVAC-C) and 3 (DNA-C/DNA-C) were higher
han the levels of IL-10, demonstrating a clear polarization of
he Th response towards a Th1-type. Similar to the ELISPOT
esults, animals boosted with NYVAC-C exhibited the
ighest magnitude and breath of the anti-clade C specific
esponse.
.6. Homologous and heterologous combinations of
YVAC-C and MVA-C recombinants efﬁciently improved
he breadth of anti-clade C cellular immune response in
ALB/c mice
Since competition or immunodominance between CTL
pitopes would reduce the breadth of the total response
nduced by vaccination, next we determined if the breadth
f HIV-1C specific response was increased by performing
omologous and heterologous immunizations with a com-
ination of MVA-C and NYVAC-C vectors. To this aim, we
sed BALB/c mice since in HHD mice there are a low propor-
ion of total splenic CD8+T cells. Thus, BALB/c mice (n = 5)
ere inoculated intraperitoneally with 2 × 107 PFU of each
ecombinant virus at days 0 and 15, and 10 days after the last
mmunization the cellular immune response in splenocytes
as evaluated by fresh IFN- ELISPOT.
As shown in Fig. 7A, heterologous (groups 1 and 2) and
omologous (groups 3 and 4) combinations of MVA-C and
YVAC-C recombinants induced a significant enhancement
f splenic T-cell response against the clade C peptide pools
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Fig. 6. Immunogenicity of MVA-C and NYVAC-C after DNA/rVV prime–boost protocol in HHD transgenic mice. (A) Cell-mediated immune response detected
by fresh IFN- ELISPOT. Groups of 4 HHD transgenic mice were primed with 100g of either DNA-C or sham DNA (DNA-) by intramuscular route. Two
weeks after priming, the mice received the same dose of DNA-C or an intraperitoneal inoculation of 2 × 107 PFU of the corresponding rVV. Vaccine-elicited
functional immune responses of splenocytes were measured 10 days after the last immunization in an IFN- ELISPOT assay following stimulation with
5g/mL of pools of overlapping peptides spanning the HIV-1 CN54gp120 and CN54GPN proteins. The number of spots obtained with the negative CTRL
pool was subtracted in all cases. Peptide-specific IFN- secreting cells with standard deviation from triplicate cultures are shown. ©Statistically significant
differences (p < 0.05) between each peptide pool and the CTRL pool. *Statistically significant differences (p < 0.05) between groups. (B) Magnitude of the total
response for clade C pools. Bars represent the total number of antigen-specific IFN- secreting cells detected in each group against all of the peptide pools
spanning the Ags included in MVA-C and NYVAC-C recombinants. (C) Cell-mediated immune response detected by fresh IL-2 ELISPOT. The IL-2 response
against clade C peptide pools in splenocytes from immunized animals was determined as previously described. The number of spots obtained with the negative
CTRL pool was subtracted in all cases. Peptide-specific IL-2 secreting cells with standard deviation from triplicate cultures are shown. ©Statistically significant
differences (p < 0.05) between each peptide pool and the CTRL pool. *Statistically significant differences (p < 0.05) between groups. (D) Magnitude of the total
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Gesponse for clade C pools. Bars represent the total number of antigen-specifi
he Ags included in MVA-C and NYVAC-C recombinants.
nv-1, GPN-1, GPN-2 and GPN-3, in comparison with mice
mmunized either with NYVAC-WT/MVA-WT (group 5)
r with MVA-WT/NYVAC-WT (group 6) used as controls
p < 0.05). Animals from group 4 (NYVAC-C/NYVAC-C)
ailed to recognize the Gag-1 pool, which was efficiently
dentified by the rest of the groups. Interestingly, the combi-
o
b
ssecreting cells detected in each group against all the peptide pools spanning
ation of NYVAC-C/MVA-C (group 2) also recognized the
ag-2 peptide pool.
The magnitude of the total response, determined by the
verall number of IFN- secreting cells (Fig. 7B), and the
readth of the clade C-specific response per group, as mea-
ured by the number of positive pools, were higher in mice
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Table 3
Cytokine production (pg/mL) by splenocytes from HHD mice inoculated in DNA-C prime/rVV-C boost regime
A (pg/mL) Gag-1 Gag-2 Env-1 Env-2 GPN-1 GPN-2 GPN-3 NEF Total
DNA-C/MVA-C
IFN- 2600 230 12700 11700 120 <20 <20 <20 27350
IL-10 180 30 340 250 70 60 600 <10 1530
DNA-C/NYVAC-C
IFN- 14100 1670 39100 14100 <20 480 8040 <20 77490
IL-10 100 <10 <10 <10 <10 <10 <10 <10 100
DNA-C/DNA-C
IFN- 1420 <20 33500 26500 1300 <20 <20 <20 62720
IL-10 50 30 630 640 <10 <10 <10 <10 1350
DNA-/NYVAC-WT
IFN- 886 <20 <20 <20 <20 <20 <20 <20 886
IL-10 <10 <10 <10 <10 <10 <10 <10 <10 <10
HHD mice were immunized as described in Section 2. Ten days after the last immunization the animals were sacrificed and their spleens were processed. The
splenocytes from each group were stimulated in vitro with 2g/mL of different HIV-1 peptide pools from clade B and incubated for 6 days at 37 ◦C. Thereafter,
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Sell supernatants were collected and stored at −70 ◦C. Cytokine levels were
rimed with NYVAC-C and boosted with MVA-C recombi-
ant (group 2). Animals receiving two doses of NYVAC-C
group 4) gave the lower number of total IFN- secreting
ells.
We also examined the profile of cytokines produced by
plenocytes from these mice after culturing with 2g/mL
f each peptide pool. As shown in Table 4, all of the com-
inations assayed induced an evident Th1 type immune
esponse characterized by elevated levels of IFN- and low or
ndetectable levels of IL-10. Interestingly, groups receiving
eterologous NYVAC-C/MVA-C (group 2) or homologous
VA-C/MVA-C (group 3) combinations induced higher lev-
ls of INF- and broader reactive cellular responses in
omparison with groups immunized with MVA-C/NYVAC-
(group 1) or NYVAC-C/NYVAC-C (group 4).
In addition, we examined by Western blot and ELISA the
ntibody responses elicited in BALB/c and HHD mice after
accination with the combination of the poxvirus vectors.
s shown in Fig. 8, panels A and B, in both animal models
era from MVA-C infected animals recognized similar VV
WR strain) proteins than sera from NYVAC-C infected
ice, although differences in antibody recognition of the
V proteins were observed between the vectors. The extent
f reactivity and pattern of VV proteins recognized by sera
rom infected HHD mice was distinct from the pattern
een in infected BALB/c mice. The anti-vector antibodies,
s determined by ELISA, were markedly boosted by a
econd dose of the poxvirus vectors (Fig. 8, panel C). In
ALB/c mice the anti-VV antibodies levels were reduced
n NYVAC-C compared to MVA-C (Fig. 8, panel D) while
n HHD mice the opposite was observed (panel C). The
ifferences in VV antigen recognition by sera from mice
accinated with MVA-C versus NYVAC-C is probably
ue to the inability of NYVAC to synthesize some of the
ate viral proteins, as previously described in cultured
ells [38].
G
e
d
ired with specific commercial kits.
.7. Heterologous combinations of SFV-C prime and
VA-C or NYVAC-C boost signiﬁcantly enhanced T cell
esponses to clade C in BALB/c mice
In view of the enhanced breath of the immune response
licited by homologous poxvirus vectors and to reduce cross-
eactive immune responses to the pox vector after boosting,
ext we analyzed the immunogenicity of prime/boost
ombination with alphavirus and poxvirus vectors. Since
accination of humans by choice usually is given either intra-
uscularly (i.m.) or subcutaneously (s.c.), we chose the i.m.
oute of administration for the pox and the s.c. route for
FV. BALB/c mice (n = 8) mice were first inoculated on days
and 14 with 1 × 107 PFU of either MVA-C or NYVAC-
or 1 × 107 IU of SFV-C (5 × 106 each of SFV-GPN and
FV-env), with SFV-LacZ (1 × 107 IU) serving a negative
ontrol. Ten days after the boost cellular immune responses
ere measured by fresh IFN- ELISPOT. As shown in
ig. 9A, homologous combinations of the three vaccines,
VA-C/MVA-C, NYVAC-C/NYVAC-C and SFV-C/SFV-C,
enerated approximately the same responses, the GPN-1 and
PN-2 pools being the most recognized by all groups. The
nv-1 pool was significantly immunogenic in both poxvirus
accines.
Since dose sparing are of value considering potential
uture vaccination of the human population we repeated
he heterologous prime–boost experiments keeping SFV-C
rime at the original dose but lowering the booster doses
f the poxvirus stepwise by a factor of 10. As shown in
ig. 9B and C, these combinations of SFV/pox significantly
nhanced the T cell responses at all doses and in both groups,
FV-C/MVA-C and SFV-C/NYVAC-C, the responses against
PN-1, GPN-2 and Env-1 were again most prominent. Inter-
stingly, lowering the booster dose with one or even two logs
id not greatly reduce the final T cell responses and reduc-
ng the boost 3 logs still resulted in T cell responses that were
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Fig. 7. Cellular immune response elicited in BALB/c mice after inoculation with homologous and heterologous combinations of MVA-C and NYVAC-
C recombinants. (A) Cell-mediated immune response detected by fresh IFN- ELISPOT. Groups of 5 BALB/c mice were inoculated intraperitoneally with
2 × 107 PFU of each recombinant at day 0 and 15. Vaccine-elicited functional immune responses of splenocytes were measured 10 days after the last immunization
in an IFN- ELISPOT assay following stimulation with 5g/mL of pools of overlapping peptides spanning the HIV-1 CN54gp120 and CN54GPN proteins. The
number of spots obtained with the negative CTRL pool was subtracted in all cases. Peptide-specific IFN- secreting cells with standard deviation from triplicate
cultures are shown. ©Statistically significant differences (p < 0.05) between each peptide pool and the CTRL pool. *Statistically significant differences (p < 0.05)
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ach group against all the peptide pools spanning the Ags included in MVA
ignificantly stronger than homologous prime–boost with two
oxvirus vectors. Fig. 9D summarizes the T cell responses
umulatively for peptide pools used. Overall SFV-C plus
VA-C responses appeared to be lower in magnitude com-
ared to SFV-C plus NYVAC-C responses, while the breadth
as similar in prime/boost between SFV/pox and pox/pox
ectors.. Discussion
In this study we have generated, characterized in vitro and
efined the immunogenicity in mice of two novel attenuated
s
e
i
osent the total number of antigen-specific IFN- secreting cells detected in
NYVAC-C recombinants.
oxvirus recombinants MVA-C and NYVAC-C, which are
accine candidates against HIV/AIDS. Since the stimulation
f an efficient and broad anti-HIV-1 T cell immune response
as been widely demonstrated by multigenic vaccines includ-
ng structural and regulatory HIV-1 proteins [29,43,44], we
ncluded the env, gag, pol and nef genes in our immuno-
ens. MVA-C and NYVAC-C expressed in the same viral TK
ocus the Env (gp120) and Gag-Pol-Nef HIV-1 antigens from
he Asian primary isolate CN54 (clade C). Both gene cas-
ettes have been codon optimized and designed for optimal
xpression levels, combined with extensive safety mutations
n relevant gene fragments (see Appendix A, DNA sequence
f MVA-C). These antigens represent the major HIV-1C pro-
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Table 4
Cytokine production (pg/mL) by splenocytes from BALB/c mice immunized with homologous and heterologous combination of MVA-C and NYVAC-C
(A (pg/mL) Gag-1 Gag-2 Env-1 Env-2 GPN-1 GPN-2 GPN-3 NEF Total
MVA-C/NYVAC-C
IFN- 290 2050 43400 330 21800 2510 1510 <20 71890
IL-10 <10 <10 <10 340 500 <10 <10 <10 840
NYVAC-C/MVA-C
IFN- 60 14700 89100 3250 113800 29900 80 <20 250890
IL-10 110 240 <10 <10 320 320 <10 230 1220
MVA-C/MVA-C
IFN- 1170 15100 74500 3920 95100 15500 <20 350 205290
IL-10 230 80 <10 60 280 <10 50 <10 700
NYVAC-C/NYVAC-C
IFN- <20 <20 42200 <20 12800 <20 <20 <20 55000
IL-10 50 50 210 80 220 <10 <10 <10 610
NYVAC-WT/MVA-WT
IFN- 1280 <20 8170 <20 3990 425 80 <20 13945
IL-10 <10 <10 60 190 25 <10 <10 <10 275
MVA-WT/NYVAC-WT
IFN- 1308 720 2060 4000 <20 160 <20 <20 8248
IL-10 <10 <10 290 230 <10 <10 <10 <10 520
BALB/c mice were immunized as described in Section 2. Ten days after the last immunization the animals were sacrificed and their spleens were processed.
The splenocytes from each group were stimulated in vitro with 2g/mL of different HIV-1 peptide pools from clade B and incubated for 6 days at 37 ◦C.
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eins included in the vaccine candidates currently tested in
linical trials [29].
Some of the key features considered to be desirable in a
oxvirus based vaccine included, replication to high yields
n CEF, high levels of gene expression for the recombinant
roduct, stability of the insert with prolonged passages of
he vector and good immunogenicity of the foreign antigens.
ere we demonstrated that MVA-C and NYVAC-C meet
ach of these criteria. The generated MVA-C and NYVAC-C
fficiently express the heterologous CN54gp120 and CN54GPN
roteins could be passage without the loss of the transgene
nd grew efficiently in CEF cells. However, in contrast to
VA-C, the NYVAC-C vector induces a potent apoptosis
n human cells. Moreover, human gene profiling analysis
f the parental strains NYVAC and MVA have revealed
imilarities but also clear differences in immunomodulatory
enes such as IL-7, IL-1A, IL-8 and IL-15 (only increased in
VA-infected cells) while apoptotic pathways which may
avour cross-presentation are increased only in NYVAC-
nfected cells [39]. By microarray analysis we have also
bserved clear differences in immunomodulatory genes
nduced by NYVAC versus MVA in virus-infected human
endritic cells (Guerra et al., manuscript in preparation).
hese and other biological differences exhibited in vitro by
VA and NYVAC strains [38], may have an impact on the
mmunogenicity and clinical application of these poxvirus
ectors.
The majority of recent HIV-vaccine studies have aimed to
evelop T-cell-stimulating vaccines that induce HIV-specific
D8+ CTL responses, whose role in the control of virus
i
a
d
Mere measured with specific commercial kits.
oad and evolution of disease has been well-documented
15,16,21–23]. Although vaccines that only stimulate the
ellular arm of the immune response are not expected to
rovide protection against infection, they might control virus
eplication and reduce viral loads, thus resulting in lower
robability of virus transmission to seronegative partners. In
his report we have evaluated the cellular immune response
nduced in transgenic HHD and BALB/c mice by different
ovel (DNA, pox and SFV vectors) vaccine candidates
xpressing the Env, Gag, Pol and Nef HIV-1 antigens from
lade C. We first analyzed the effect of a single inoculation
f either MVA-C or NYVAC-C in transgenic HHD mice. We
howed that in contrast to NYVAC-C, MVA-C stimulated
n specific cellular immune response against the clade C
eptide pools Env-1, Env-2 and Gag-1 as revealed in the
resh IFN- ELISPOT results. In addition, we showed that
VA-C also induces an efficient cross-reactive response
gainst HIV-1 antigens from clade B. However, the cellular
mmune response against vaccine vector antigens was 1.6
old higher in NYVAC-C immunized animals. The supe-
iority of MVA-C in inducing a specific anti-HIV immune
esponse after a single immunization might be related with
he capacity of this virus to activate the host innate immune
esponse. MVA induces cellular infiltration and induction of
ytokines such as type I IFNs, TNF-, and IL-6 [45], prob-
bly through TLR-mediated signalling which may lead to
ncreased uptake and presentation of encoded and delivered
ntigen. Moreover, despite the ability of poxviruses to impair
endritic (DC) maturation in vitro, the important ability of
VA to boost CD8 T-cell response in vivo is mediated at the
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Fig. 8. Humoral immune response elicited in mice by the recombinant poxvirus vectors. Groups of BALB/c and HHD mice inoculated by the protocol DNA-C
prime/pox boost (Fig. 6, groups 1 and 2) and by the pox/pox combination (Fig. 7, groups 3 and 4). Ten days after the last immunization, blood was collected
and serum samples pooled from the animals. Evaluation of antibody reactivity by Western blot in HHD mice with sera at 1:100 dilution (A) and in BALB/c
mice with sera at 1:200 dilution (B). Sera was used in Western blots with extracts obtained at 24 h from WR-infected and uninfected (Mock) BSC-40 cells. The
m gels. Ev
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Dolecular masses in kDa of marker proteins are indicated to the left of the
D) mice immunized with the different protocols indicated at the bottom of
evel of the infected DC. MVA affect DCs in vivo by inducing
heir activation and maturation [46]. We do not discard the
ossibility that NYVAC-C might also activate the host innate
mmune response pathways, but this effect remains to be
etermined.
The experience gained so far with the first generation of
IV-1 vaccine candidates has been that many were mod-
stly immunogenic and only induced short-lived immune
esponses [47]. One of the strategies used over the last decade
o increase their immunogenicity was to combine these
accines in prime–boost vaccination regimens. Vaccination
trategies in which a DNA prime is boosted with a poxvirus
ector are especially effective and have emerged as the
e
i
E
caluation of antibody levels by ELISA from sera of HHD (C) and BALB/c
re. The sera for all samples were used at 1:500 dilution.
redominant approach for eliciting protective CD8+ T cell
mmunity [24,41,42,48–50]. In this study we compared the
mmune response elicited in transgenic HHD mice primed
ith DNA vectors expressing the HIV-1 Env (CN54gp120),
nd Gag-Pol-Nef antigens from clade C (referred as DNA-C)
nd boosted with either the poxvirus vectors (MVA-C and
YVAC-C) or with the same dose of DNA-C. We showed
hat prime–boost immunization scheme employing a naked
NA-C vector at priming and NYVAC-C at booster was anffective immunization protocol to induce specific cellular
mmune responses against HIV-1 peptide pools spanning
nv and Gag HIV-1 antigens. When we analyzed the intrinsic
ellular response directed against peptides represented in
1986 C.E. Go´mez et al. / Vaccine 25 (2007) 1969–1992
Fig. 9. Immune responses elicited in BALB/c mice after subcutaneous inoculation with homologous combinations of MVA-C or NYVAC-C or heterologous
combination of SFV-C and MVA-C or NYVAC-C. (A) Statistical significance by one-way analysis of variance test: MVA-C/MVA-C: GPN1, GPN2 and Env1
vs. medium control, p < 0.01. NYVAC-C/NYVAC-C: GPN1, GPN2 and Env1 vs. medium, p < 0.01, p < 0.05 and p < 0.01, respectively. SFV-C/SFV-C: GPN1
and GPN2 vs. medium control, p < 0.01, respectively. (B) SFV-C/MVA-C (107): GPN2 vs. medium control, p < 0.01 SFV-C/MVA-C (106): GPN1, GPN2 and
Env1 vs. medium, p < 0.01, p < 0.01 and p < 0.01, respectively. SFV-C/MVA-C (105): GPN2 and Env1 vs. medium control, p < 0.01 and p < 0.05, respectively.
SFV-C/MVA-C (104): GPN2 and Env1 vs. medium control, p < 0.01. (C) SFV-C/NYVAC-C (107): GPN1, GPN2 and Env1 vs. medium control, p < 0.01.
SFV-C/NYVAC-C (106): GPN1, GPN2 and Env1 vs. medium, p < 0.01. SFV-C/NYVAC-C (105): GPN1, GPN2 and Env1 vs. medium control, p < 0.01. SFV-
C/NYVAC-C (104): GPN1, GPN2 and Env1 vs. medium control, p < 0.01. (D) Magnitude of total responses shown cumulatively. Homologous prime–boost
results for SFV-C (S) MVA-C (M) and NYVAC-C (N) are shown and for the heterologous SFV-C prime poxvirus-C boost experiments the dilution factor are
indicated below the bars. Numbers of top of bars indicate incremental factors over responses of corresponding poxvirus homologous prime–boost results.
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ach individual pool, we observed significant differences
etween them. Env-1 and Env-2 pools were the most
mmunogenic in the three groups of immunized mice. It has
een reported that the immunological dominance between
TL epitopes would effectively reduce the breadth of the
otal response induced by vaccination [51,52]. In our case,
he immunodominance exhibited by Env peptide pools might
ffect the recognition of the rest of peptide pools spanning
he other HIV-1 antigens included in the candidate vaccines.
hen prime/boost was carried out with homologous and het-
rologous combinations of the poxvirus vectors in BALB/c
ice, the heterologous NYVAC-C/MVA-C combination
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[ued ).
nduced the highest and broadest cellular immune response.
nterestingly, in this immunization approach the immun-
dominance of Env peptide pools was not observed. The
PN-1, GPN-2 and GPN-3 peptide pools were as efficiently
ecognized as the Env-1 peptide pools, whereas no specific
esponse was detected against the Env-2 peptide pool.
his result could be relevant in the design of an effective
mmunization protocol since it has been demonstrated that
accines with very narrow CMI responses directed against
ne or a couple of epitopes can, over time, lose protective
fficacy due to escape mutants of the infectious agent
19,53].
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That the quality of the immune response obtained in
rime/boost protocols using two different live recombinant
ectors expressing the same HIV-1 antigens is better than
omologous combination has been suggested by different
roups. The use of strategies such as Ad5 vector followed
y a poxvirus vector [54], or SFV vector followed by
VA [55], or VSV vector followed by MVA [56], or two
uccessive adenovirus vectors, such as Ad11 and Ad35 [57],
r two successive poxviruses, such as MVA and FPV (whose
ombination has been tested in Phase I trials in the USA and
razil by Therion in collaboration with the NIAIDS), have
xtensively demonstrated the superiority of heterologous
rime–boost regimens in inducing an efficient immune
esponse. Our results indicate that combinations with MVA
nd NYVAC vectors, like NYVAC-C/MVA-C, that we
ave shown triggered a broad immune response to HIV-1C
ntigens, should be further explored in other animal models
nd humans. In this regard, the reduced antibody response
o some late VV proteins raised in mice against NYVAC
ompared to MVA and the enhanced apoptosis induced by
YVAC might favour a NYVAC-C/MVA-C prime/boost
ombination.
The use of heterologous vectors to prime the immune
esponse elicited by the two poxvirus vectors at boosting has
lso been examined with the alphavirus SFV. An enhanced
ellular immune response over that elicited by the homol-
gous poxvirus vectors was obtained in prime/boost with
FV-C/poxvirus. Under those conditions, both the breadth
nd magnitude of the HIV-1C response was enhanced over the
omologous poxvirus vector combinations. In contrast with
he DNA/poxvirus combinations, where Env-1, Env-2 and
ag-1 were the most antigenic peptides, for both homologous
ox prime–boost and for heterologous SFV-pox prime–boost,
he most antigenic peptides were GPN-1, GPN-2 and
nv-1.
We have recently reported in mice a head-to-head
omparison on the immunogenicity of MVA and
YVAC recombinants expressing the four HIV-1 anti-
ens (gp120/Gag-Pol-Nef) from clade B [58]. A side-to-side
omparison on the results presented in this study obtained
ith HIV-1 clade C antigens with respect to the analysis
f the immune response to MVA and NYVAC expressing
IV-1 clade B antigens [58], revealed that the poxvirus
ecombinants behaved similarly in vitro and in vivo systems.
n a DNA prime/poxvirus boost protocol, the Env peptide
i
F
d
F5 (2007) 1969–1992
ools were immunodominant for both HIV-1 clades B and C,
hereas in an homologous or heterologous combination of
oxvirus vectors the breath of the immune response was, in
ddition to Env, expanded for the GPN pools. These obser-
ations could be interpreted in the way that when poxvirus
ectors are used as booster, the priming vector DNA, SFV
r pox influences the type of immune response. However,
ince these studies involved two different strains of mice
BALB/c and HHD) such conclusions must await further
tudies.
For HIV and most other viruses, induction of Th1 type
esponse, characterized by the production of IL-12, IL-2 and
FN- is more likely to provide protection than induction of
h2 type response characterized by the production of IL-4,
L-5, IL-10, IL-13 [59]. In our case, the pattern of cytokine
ecretion after restimulation with the clade C peptide pools
ndicated that the different protocols assayed induced a Th1
ype response.
Will the vectors generated in this study have utility as
IV/AIDS vaccines? There are several considerations in
avour. First, similar MVA and NYVAC vectors as those
escribed here but expressing HIV-1 89.6p env and SIV-
ac239GPN have been generated and shown in a DNA
rime/pox boost protocol to elicit protection in macaques
fter a challenge with SHIV89.6p (Mooj, P et al., manuscript
n preparation). Second, a phase I clinical trial conducted
y EuroVacc using prime/boost with NYVAC-C indicated
hat the recombinant vector was safe and immunogenic (see
ww.EuroVacc.org). Third, another phase I clinical trial
y EuroVacc in a DNA-C/NYVAC-C prime/boost protocol
howed high immunogenicity of the vectors (manuscript in
reparation). Thus, the results obtained in this investiga-
ion highlight the immunological relevance of the attenuated
oxvirus vectors MVA-C and NYVAC-C as vaccine candi-
ates against HIV/AIDS.
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Although recombinants based on the attenuated poxvirus vectors MVA and NYVAC are currently in clinical
trials, the nature of the genes triggered by these vectors in antigen-presenting cells is poorly characterized.
Using microarray technology and various analysis conditions, we compared specific changes in gene expression
profiling following MVA and NYVAC infection of immature human monocyte-derived dendritic cells (MDDC).
Microarray analysis was performed at 6 h postinfection, since these viruses induced extensive cytopathic
effects, rRNA breakdown, and apoptosis at late times postinfection. MVA- and NYVAC-infected MDDC shared
upregulation of 195 genes compared to uninfected cells: MVA specifically upregulated 359 genes, and NYVAC
upregulated 165 genes. Microarray comparison of NYVAC and MVA infection revealed 544 genes with distinct
expression patterns after poxvirus infection and 283 genes specifically upregulated after MVA infection. Both
vectors upregulated genes for cytokines, cytokine receptors, chemokines, chemokine receptors, and molecules
involved in antigen uptake and processing, including major histocompatibility complex genes. mRNA levels for
interleukin 12 (IL-12), beta interferon, and tumor necrosis factor alpha were higher after MVA infection
than after NYVAC infection. The expression profiles of transcription factors such as NF-B/Rel and STAT were
regulated similarly by both viruses; in contrast, OASL, MDA5, and IRIG-I expression increased only during
MVA infection. Type I interferon, IL-6, and Toll-like receptor pathways were specifically induced after MVA
infection. Following MVA or NYVAC infection in MDDC, we found similarities as well as differences between
these virus strains in the expression of cellular genes with immunological function, which should have an
impact when these vectors are used as recombinant vaccines.
Attenuated strains of vaccinia virus (VACV), MVA and
NYVAC, are currently being tested as vaccine vectors (8, 35,
49, 77). NYVAC is a derivative of VACV strain Copenhagen,
from which 18 open reading frames were specifically deleted
from the parental viral genome; genes involved in host range,
virulence, and pathogenesis were thus lost (75). NYVAC-de-
rived vectors are able to express antigens from a broad range
of species (75). A number of examples using NYVAC as a
delivery system for recombinant vaccines to pathogens and
tumors have been reported (22, 39, 52, 71). Phase I/II clinical
trials using NYVAC against human immunodeficiency virus
(HIV) type 1 and pathogens are currently under way and
showed immunogenicity and a good safety profile (55). MVA
was generated after more than 500 passages in chicken embryo
fibroblasts and has lost approximately 15% of the parental viral
genome (5, 48); the structural genes remained unaltered, but
genes involved in immune evasion factors and host range (5,
48, 78) have been deleted or fragmented. In mammals, MVA
recombinants induce protective immunity against a wide spec-
trum of pathogens (49, 66). Differences in the degree and
magnitude of the immune response to HIV proteins have been
observed between MVA and NYVAC vectors (24). Phase I/II
clinical trials with MVA-based recombinants have been per-
formed or are under way for HIV type 1, malaria, and tumors
(13, 18, 23, 33). MVA is also a potentially safe candidate for a
vaccine against smallpox should this virus reemerge as a bio-
terrorism weapon (10).
While there is major interest in the use of MVA and
NYVAC as vectors for antigen delivery and as vaccines for
pathogens and tumors, little is known of the impact of these
vectors on host genome expression by antigen-presenting cells
(APC). Whereas other viruses productively infect dendritic
cells (DC), including cytomegalovirus, varicella zoster virus,
and measles virus (1, 26, 59), several studies indicate that
poxviruses do not produce an infectious cycle in DC (20, 21, 38,
40), while Langerhans cells allow VACV replication (19). Re-
cent findings show that MVA infection of human DC inter-
rupts cell maturation and leads to apoptosis associated with a
decrease in Bcl-2 and Bcl-XL levels late in infection in a virus
multiplicity-dependent manner (15). Both MVA and NYVAC
are potent in vivo activators of T-cell-specific immune re-
* Corresponding author. Mailing address: Centro Nacional de Bio-
tecnologı´a, CSIC, Campus Universidad Auto´noma, 28049 Madrid,
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sponses to recombinant antigens, indicating efficient antigen
delivery in APC and the activation of immune T cells, possibly
due to virus infection of activated DC (80).
DC, the best-known group of APC, are bone marrow-de-
rived leukocytes. They act as sentinels of the immune system
and are present in an immature state in almost all peripheral
tissues, where they can induce specific T-cell-mediated im-
mune responses (6). Maturation is induced by the contact of
immature DC with various products of infectious agents (4,
14). During maturation, DC lose their ability to take up anti-
gens and migrate from the sites of antigen accumulation to the
areas of antigen presentation, primarily the T-cell zones of
secondary lymphoid organs (6, 58). Due to the essential role of
DC in immune response development, we characterized the
impact of two vaccine poxvirus vectors, MVA and NYVAC, on
the gene expression profile of human monocyte-derived den-
dritic cells (MDDC) infected for a relatively brief period (6 h
postinfection [hpi]). This infection time was chosen to identify
upregulated genes, since rRNA breakdown effects at this time
are minimal compared to those at late times postinfection,
when rRNA breakdown and apoptosis are found in infected
MDDC (15). DNA microarray technology allows monitoring
of the expression of several thousand individual genes (32) and
has been used to identify the genomic expression profiles of
human HeLa cells in response to infection by both virulent
VACV (WR strain) as well as attenuated MVA and NYVAC
(28–30) and other VACV strains (43, 46).
In this investigation, we have defined the characteristics of
MVA and NYVAC infection of MDDC in culture and show
that MVA infection upregulates a larger number of genes
encoding immunomodulatory molecules than NYVAC, with
higher expression levels. We demonstrated a distinct regula-
tion of host genes by the poxvirus vectors in infected MDDC
under three microarray conditions, comparing MVA- or
NYVAC-infected with uninfected cells, MVA-infected with
NYVAC-infected cells, and MVA/NYVAC-infected HeLa
cells with MVA/NYVAC-infected MDDC. Levels of alpha in-
terferon (IFN-), tumor necrosis factor alpha (TNF-), and
proinflammatory cytokines such as interleukin 6 (IL-6) were
higher in MVA-infected MDDC than in NYVAC-infected
MDDC. Genes involved in the antiviral response such as ret-
inoic acid-inducible protein I (RIG-I), melanoma differentia-
tion-associated gene 5 (MDA5), and 2-5-oligoadenylate (5-
OA) synthetase-like (OASL) were upregulated exclusively in
MVA-infected MDDC. Our findings show similarities and dif-
ferences in the genes induced by MVA and NYVAC in human
MDDC. These genes are important for the innate immune
response and could influence the extent of the host response
and protective efficacy when these two poxvirus vectors are
used as vaccines.
MATERIALS AND METHODS
Cells, viruses, and infection conditions. HeLa cells (ATCC) were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10% newborn bovine
serum and antibiotics. Human MDDC were generated as previously reported,
with minor modifications (51, 56). Peripheral blood mononuclear cells were
obtained by using a standard Ficoll gradient for heparinized blood extracted
from healthy individuals. To obtain human monocytes, peripheral blood mono-
nuclear cells (3  106 to 4  106 cells/ml) were incubated (2 h at 37°C) in a
humidified atmosphere with 5% CO2 in MDDC medium (serum-free XVIVO-15
medium; BioWhittaker, Walkersville, MD) with 1% human blood group AB
serum, 50 g/ml gentamicin (Braun, Melsungen, Germany), and 2.5 g/ml am-
photericin B (Bristol-Myers Squibb, Rueil-Malmaison, France). Adherent cells
were washed four times with prewarmed serum-free XVIVO-10 medium and
cultured in MDDC medium as described above. To obtain immature MDDC,
cells were stimulated for 5 days by the addition of 1,000 U/ml each of IL-4 and
granulocyte-macrophage colony-stimulating factor (both from Prospec-Tany
Technogene, Rehovot, Israel) at days 0 and 2. MDDC immunophenotyping was
confirmed by flow cytometry using the following monoclonal antibodies to cell
surface markers: fluorescein isothiocyanate (FITC)-conjugated anti-HLA-DR,
anti-CD14, and anti-CD19 and an immunoglobulin G1 (IgG1) isotype-
matched control; phycoerythrin (PE)-conjugated anti-HLA-DR, anti-CD11c,
anti-CD14, anti-CD40, anti-CD45, and anti-CD56 and an IgG-1 control; and
peridinin-chlorophyll-protein complex-anti-CD3 and -anti-CD14 and an IgG-1
control (all from BD Biosciences, San Diego, CA). PE-anti-CD80, -CD83, and
-CD86 were from Coulter, and PE-anti-CD209 was from eBioscience (San
Diego, CA). Cells were washed with phosphate-buffered saline (PBS), resus-
pended at 2  106 cells/ml (50 l/tube), and incubated with FITC-, PE-, and/or
PerCP-conjugated monoclonal antibody (30 min at 4°C). Cells were washed with
PBS, fixed with 1% formaldehyde in PBS, and analyzed by flow cytometry in an
EPICS Profile cytometer (Coulter, Hialeah, FL). Cell populations were selected
by forward- and side-light-scatter parameters. This analysis showed that the
purity of MDDC was 95%, and the phenotype observed was characteristic of
immature MDDC: CD3 CD8 CD14 CD19 CD56 HLA-DR CD80
CD83 CD86 CD11c CD40 CD45 CD209.
These immature MDDC were used for virus infection. NYVAC (28a, 75) and
MVA (24, 29) strains were cultured in chicken embryo fibroblast cells, purified
by two sucrose cushions, and titrated on BHK-21 cells by immunostaining of
fixed infected cultures with a polyclonal anti-VACV antibody (62). MDDC were
infected at 5 PFU/cell, virus inoculum was removed after 1 h, fresh medium was
added, and infection continued for another 5 h. Cells were collected and cen-
trifuged, supernatants were saved for an enzyme-linked immunosorbent assay
(ELISA), and cells were washed twice with PBS and processed for RNA extrac-
tion or Western blot analyses.
Metabolic labeling of proteins. MDDC were infected with 5 PFU/cell, and at
the indicated times (106 cells/time postinfection), cells were washed with methi-
onine-free medium and incubated in methionine-free medium containing
[35S]methionine (50 Ci/well for 30 min at 37°C). Proteins from cell extracts
prepared in lysis buffer were fractionated by 12% sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) and developed by autoradiography.
Microarray labeling. Ultraspect_II RNA (Biotecx, Houston, TX) was used to
isolate total RNA from purified human MDDC infected with NYVAC or MVA
(3  106 cells/time postinfection; 5 PFU/cell), or mock infected. RNA was then
purified with Megaclear (Ambion, Foster City, CA), and the integrity was con-
firmed by using an Agilent (Santa Clara, CA) 2100 Bioanalyzer. Total RNA (1.5
g) was amplified with an Amino Allyl MessageAmp aRNA kit (Ambion); 54 to
88 g of amplified RNA (aRNA) was obtained. The mean RNA size was 1,500
nucleotides, as observed using the Agilent 2100 Bioanalyzer. For each sample, 6
g aRNA was labeled with one aliquot of Cy3 or Cy5 Mono NHS Ester (CyDye
postlabeling reactive dye pack; GE Healthcare) and purified using Megaclear.
Incorporation of Cy5 and Cy3 was measured using 1 l of probe in a Nanodrop
spectrophotometer (Nanodrop Technologies). For each hybridization, Cy5 and
Cy3 probes (150 mol each) were mixed and dried by speed vacuum and resus-
pended in 9 l RNase-free water. Labeled aRNA was fragmented by adding 1 l
10 fragmentation buffer (Ambion), followed by incubation (70°C for 15 min).
The reaction was terminated with the addition of 1 l stop solution (Ambion) to
the mixture. Two dye-swapped hybridizations were performed for each compar-
ison; in one, the mock-infected sample was Cy3 labeled, and the MVA-infected
sample was Cy5 labeled; in the second, labeling was reversed. Double labeling
was used to abolish dye-specific labeling and hybridization differences.
Slide treatment and hybridization. Slides containing 22,264 spots (19,256
different oligonucleotides) corresponding to Human Genome Oligo set version
2.2 (QIAGEN, Hilden, Germany) were obtained from the Genomic and Mi-
croarrays Laboratory (Cincinnati University, Cincinnati, OH). Information
about printing and the oligonucleotide set can be found on their website (http:
//microarray.uc.edu). Slides were prehybridized and hybridized as described pre-
viously (28–30). Images from Cy3 and Cy5 channels were equilibrated and
captured with an Axon 4000B scanner, and spots were quantified using GenePix
5.1 software. Data for replicates were analyzed using Almazen software
(Bioalma, Spain). Basically, Lowess normalization was applied to each replicate,
and the log ratios were merged with the corresponding standard deviations and
z scores.
Gene expression analysis. The original data set contained 19,256 oligonucle-
otides per slide. In each analysis, genes with an interreplicate mean signal of
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100 or an interreplicate standard deviation of	1 were filtered out. Genes were
considered to be differently expressed if the expression change (n-fold) was 2
(downregulated) or 	2 (upregulated). Functional analyses of regulated genes
were generated by Ingenuity Pathways Analysis (Ingenuity Systems [www
.ingenuity.com]). Hierarchical clustering was carried out using SpotFire Decision
Site for Functional Genomics software. Ward’s method with an average value-
ordering function and a half-square Euclidean distance function was used.
Quantitative real-time RT-PCR. RNA (1 g) was reverse transcribed using the
superscript first-strand synthesis system for reverse transcription (RT)-PCR (In-
vitrogen, Carlsbad, CA). A 1:40 dilution of the RT reaction mixture was used for
quantitative PCR. The primers and probe set used to amplify TNF, IFN-
,
IFN-stimulated gene 15 (ISG15), NF-B-2, IL-12, IL-7, IL-6, IFN-, OASL,
ATF-3, ADORA, and H2AFY were purchased from Applied Biosystems. RT-
PCRs were performed according to Assay-on-Demand, optimized for TaqMan
Universal PCR MasterMix, No AmpErase UNG (28–30). All samples were
assayed in duplicate. Threshold cycle values were used to plot a standard curve
in which the threshold cycle decreased in linear proportion to the log of the
template copy number. Correlation values of standard curves were always	99%.
Immunofluorescence. MDDC cultured on coverslips were infected with MVA
or NYVAC (5  105 cells/time postinfection; 5 PFU/cell). At 6 and 16 hpi, cells
were washed with PBS, fixed with 4% paraformaldehyde, and permeabilized with
0.1% Triton X-100 in PBS (room temperature for 10 min). Cells were incubated
with primary anti-WR (anti-VV), anti-A36R or anti-B5R (both obtained from R.
Blasco, INIA, Spain), or anti-E3L (obtained from B. L. Jacobs, University of
Arizona) antibodies, followed by fluorescein- or Texas red-conjugated isotype-
specific secondary antibodies. F-actin was stained with fluorescein-conjugated
phalloidin (Molecular Probes, Carlsbad, CA); DNA was stained with ToPro
(Molecular Probes). Images were obtained using a Bio-Rad Radiance 2100
confocal laser microscope.
Western blot. HeLa and MDDC were infected (106 cells/time postinfection; 5
PFU/cell) with MVA or NYVAC and collected, and cell extracts were prepared
at 2, 6, and 16 hpi by lysis in buffer (50 mM Tris-HCl [pH 8.0], 0.5 M NaCl, 10%
NP-40, 1% SDS) for 5 min on ice. Protein lysates (100 g) were fractionated by
14% or 8% SDS-PAGE, transferred onto nitrocellulose membranes, and incu-
bated with anti-poly(ADP-ribose) polymerase (PARP) (Cell Signaling, Boston,
MA), anti-actin (Santa Cruz, Santa Cruz, CA), anti-E3L, anti-A14L (64), anti-
A4L (60), anti-A27L (63), anti-Al7L (61), anti-phosphorylated interferon-re-
sponsive factor 3 (IRF-3) (Upstate, Chicago, IL), anti-IRF-3 (Cell Signaling),
anti-IRF-7 (Santa Cruz), anti-B5R, anti-phosphorylated IF-2 (Biosource,
Camarillo, CA), or anti-alpha subunit of eukaryotic initiation factor 2 (eIF-2)
(Santa Cruz) antibodies, followed by secondary antibodies (mouse and rabbit
peroxidase conjugates). Protein expression was detected using ECL reagents
(Amersham, Uppsala, Sweden).
Cytokine determination. IL-2, IL-4, IL-6, IL-10, TNF-, IFN-, IL-1
, IL-8,
and IL-12 levels in 30 l of supernatants were determined using Cytometric Bead
Array, human Th1/Th2 cytokine, and Cytometric Bead Array human inflamma-
tion kits (BD Bioscience) according to the manufacturer’s protocol.
RESULTS
Infection with attenuated poxvirus vectors MVA and
NYVAC causes extensive cell damage in human MDDC. To
characterize the impact of MVA and NYVAC infection on
immature human MDDC, we first defined the induced cyto-
pathic effects by phase-contrast and immunofluorescence (IF)
microscopy. At 6 hpi, MVA or NYVAC infection at 5 PFU/cell
resulted in alterations in cell morphology characterized by cell
rounding and cytoplasmic contraction; the cytopathic effect
was more pronounced in NYVAC than after MVA infection
(Fig. 1A). The effects on cell morphology were severe by 16 hpi
in MDDC infected with either virus strain (not shown). The
number of MVA- or NYVAC-infected MDDC was monitored
by IF after staining with a polyclonal antibody to VACV pro-
teins. At 6 hpi, approximately 35% of MVA- or NYVAC-
infected MDDC stained for viral proteins, which increased to
45% by 16 hpi (Fig. 1B). Since the use of higher virus multi-
FIG. 1. Cellular and biochemical changes in human immature MDDC following infection with MVA or NYVAC poxvirus vectors. (A) Mor-
phological changes in immature MDDC mock infected or infected with MVA or NYVAC (5 PFU/cell) in six-well plates; changes were examined
by phase-contrast microscopy at 6 hpi. The upper panels show representative fields (magnification, 4); the lower panels show the indicated areas
at a higher magnification. (B) IF analysis. MDDC cultured on coverslips were infected with MVA or NYVAC (5 PFU/cell), and cells were fixed
at 6 hpi and treated with a rabbit polyclonal antibody to VACV proteins (-WR), followed by a Texas Red-labeled secondary antibody,
phalloidin-FITC (for actin staining), and ToPro (for DNA staining) (left panels). Cells expressing viral antigens were quantified by IF in four
independent experiments (right panel).
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plicities caused extensive MDDC damage, we used 5 PFU/cell
in these studies.
To examine viral protein synthesis in MDDC during MVA
or NYVAC infection, we performed Western blotting using
antibodies specific for early p25 (E3L) and late viral proteins
p14 (A27L), p21 (A17L), p16 (A14L), p39 (A4L), and p42
(B5R). Proteins encoded by the E3L, A4L, and A14L genes
were detected efficiently in lysates of cells infected with both
viruses (Fig. 2A). The late proteins encoded by the A17L and
A27L genes were detected only in lysates of MVA-infected
cells, concurring with previous reports for HeLa cells (53). The
protein encoded by the B5R gene was not detected in lysates of
cells infected with either virus, as determined by Western blot
(Fig. 2A) and IF (not shown) analyses. MVA-infected MDDC
gave a similar result for A36R gene expression, as previously
described (15).
To document the overall protein expression pattern and the
shutoff effect, MDDC were metabolically labeled with [35S]me-
thionine at 2, 6, and 16 h after MVA or NYVAC infection and
analyzed by SDS-PAGE and autoradiography. We observed a
severe translational block in protein synthesis by 6 hpi in cells
infected with either virus (Fig. 2B). This blockade coincided
with an increase in phosphorylation of the small subunit of the
initiation factor eIF-2 (Fig. 2C), as described previously for
NYVAC in HeLa cells (28, 53). These findings show that MVA
or NYVAC infection of MDDC caused shutoff by 6 hpi,
whereas the synthesis of early and some late viral proteins
continued, indicating functional cell translational machinery. It
has been previously reported that the viral C7L gene is able to
prevent eIF-2 phosphorylation in NYVAC-infected HeLa
cells (53). The presence of this gene in the MVA genome
might explain the different levels in eIF-2 phosphorylation
between MVA- and NYVAC-infected MDDC, although we
cannot rule out the possibility of other mechanisms.
Since NYVAC infection of HeLa cells induces apoptosis
(28a, 53), we used an antibody that recognizes both full-length
and cleaved PARP-1 (73) to analyze whether apoptosis occurs
in infected MDDC. In both MVA and NYVAC infection,
cleavage of 89-kDa PARP-1 was evident by 16 hpi, with no
apoptosis at 6 hpi (Fig. 3A). After IF staining with the E3
antibody for an early viral protein and ToPro for the ap-
pearance of apoptotic bodies, we found similar numbers of
apoptotic cells for both viruses at 16 hpi (nearly 40% of total
infected cells) (Fig. 3B). This result contrasts with the low
FIG. 2. Protein synthesis evaluation in MDDC after MVA or NYVAC infection. (A) Viral protein expression during NYVAC and MVA
infection. MDDC were mock infected (M) or infected with MVA or NYVAC (5 PFU/cell). At the indicated times postinfection, equal amounts
of proteins from cell extracts were fractionated by SDS-PAGE, transferred onto nitrocellulose, and treated with antibodies to VACV proteins
(WR) or specific virus early (p25) and late proteins (p21, p14, p39, p16, and p42). Molecular weight (MW) (in thousands) is indicated based on
protein standards. (B) Metabolic labeling of proteins during NYVAC and MVA infection. MDDC were mock infected (M) or infected with MVA
or NYVAC (5 PFU/cell). At the times indicated, cells were labeled (30 min) with [35S]Met-Cys Promix (50 Ci/ml), and equal amounts of proteins
were analyzed by SDS-PAGE (10%) and autoradiography. (C) The gel in B was transferred onto nitrocellulose and incubated with antibodies to
total eIF-2 or eIF-2 phosphorylated (P) at Ser51. Molecular weight (MW) (in thousands) is indicated based on protein standards.
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apoptotic effect induced by MVA in human HeLa cells
(28a, 53).
We previously showed that NYVAC but not MVA infection
of HeLa cells triggers rRNA degradation late in infection, with
the same cleavage pattern observed during activation of the
interferon-induced 2-5A oligonucleotide synthetase/RNase L
system (53). We therefore examined rRNA integrity in MVA-
and NYVAC-infected MDDC. Total RNA was isolated from
infected and mock-infected cells and fractionated by formal-
dehyde-agarose gel electrophoresis. There was no rRNA deg-
radation in uninfected cells or in infected cells at 6 hpi; in
contrast, we observed a breakdown of 28S and 18S rRNA at
later times in cells infected with both viruses (Fig. 3C). These
results revealed that MVA and NYVAC infection of MDDC
does not induce apoptosis or rRNA degradation at 6 hpi, but
these effects appeared later in infection.
Differential gene regulation following MVA or NYVAC in-
fection of human MDDC compared to mock-infected cells.
Since MDDC are the most potent APC and the only cells able
to activate naive T cells (47), we studied the impact of both
viruses on MDDC gene expression at a time when host rRNA
had not been degraded by virus infection. We used chips car-
rying oligonucleotides from 19,256 human genes to profile
MDDC gene expression and hybridized cDNA samples from
infected and uninfected (mock-infected) cells at 6 hpi. The
gene expression data were selected as described in Materials
and Methods. Compared to uninfected cells, we identified
1,215 genes differentially expressed in MDDC after MVA in-
fection (21.6% of the genes selected), 554 of which were up-
regulated and 661 of which were downregulated (see examples
in Table S1 in the supplemental material). A similar experi-
ment comparing NYVAC-infected with uninfected MDDC
showed variance in the regulation of 728 genes after NYVAC
infection (13.5% of the genes selected), 360 of which were
upregulated and 368 of which were downregulated (see exam-
ples in Table S2 in the supplemental material).
Host genes with altered expression in MVA- or NYVAC-
infected MDDC belong to a number of functional categories
(Fig. 4A). Both poxvirus vectors regulated similar numbers of
genes involved in cell death, cancer, gene expression, cell de-
velopment, and organism survival. NYVAC nonetheless selec-
tively regulated more genes involved in cell growth, prolifera-
tion, and morphology than MVA. In contrast, MVA regulated
a larger number of genes involved in the immune response and
immune system development than NYVAC (Fig. 4A). Exam-
ples of the differentially regulated genes are presented in Table
1. Genes differentially expressed after poxvirus infection were
represented using Venn diagrams to display differently and
similarly regulated genes for MVA and NYVAC (Fig. 4B).
MVA and NYVAC shared 195 genes that were upregulated
FIG. 3. Apoptosis induction and rRNA breakdown during MVA or NYVAC infection of MDDC. (A) Time course of PARP-1 cleavage during
MVA and NYVAC infection. MDDC were mock infected (M) or infected with MVA or NYVAC (5 PFU/cell); at the times indicated, total
proteins (100 g) were fractionated by SDS-PAGE, transferred onto nitrocellulose, and immunoblotted with anti-PARP-1. An 89-kDa PARP-1
cleavage product was observed at 16 hpi. Molecular weight standards (MW) (in thousands) are indicated (right). Equivalence of protein loading
was confirmed using anti-actin controls. (B) Quantification of cells in apoptosis after MVA or NYVAC infection. MDDC were mock infected
(M) or infected with MVA or NYVAC (5 PFU/cell); at 16 hpi, cells were fixed and processed to visualize apoptosis by IF using antibodies to the
viral E3 protein (red) and ToPro for DNA staining (blue). The percentage of cells in apoptosis was determined by counting 2,000 cells in two
independent experiments (bottom). (C) MVA or NYVAC infection of MDDC causes rRNA breakdown. Total rRNA was isolated from uninfected
MDDC (M) or MDDC infected with MVA or NYVAC at the indicated times postinfection; 2 g of each sample was applied for electrophoresis,
and the gel was stained with ethidium bromide. Arrows indicate bands corresponding to characteristic rRNA degradation products.
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and 220 that were downregulated, whereas 359 genes were
upregulated only by MVA and 165 genes were upregulated
only by NYVAC. In infected MDDC, MVA specifically down-
regulated more genes than NYVAC (441 versus 148 genes).
Both viruses produced an increase in specific immune mole-
cules such as CXCL2, TNF-, and several interferon-induced
proteins (IFIT1, IFIT4, ISG15, and ISG20), with higher ex-
pression levels in MVA-infected MDDC than in NYVAC-
infected MDDC. An alternative visualization using hierarchi-
cal cluster analysis was also developed (not shown).
Comparison of MVA and NYVAC infection of human
MDDC shows specific differences in host gene expression
levels. To further document specific differences between the
two vectors, we performed microarrays with cDNAs prepared
from MDDC infected with MVA and NYVAC for 6 h, but we
now compared NYVAC-infected samples with MVA-infected
samples. We evaluated specific transcriptional differences be-
tween the two vectors by removing those genes regulated
equally by both viruses from the processed data. We identified
11,800 genes with similar expression levels for both viruses; 544
genes showed expression pattern differences after poxvirus in-
fection (4.4% of the genes selected), 283 of which had at least
twofold-higher transcriptional levels after MVA than after
NYVAC infection. Human genes differentially expressed in
MVA versus NYVAC infection of MDDC are shown in Table
2 and in Table S3 in the supplemental material. Genes includ-
ing TNF-, IFN-
, and IL-12
 were increased by fivefold or
higher after MVA infection compared to NYVAC infection.
MVA and NYVAC infections produced 12- and 4-fold upregu-
lation, respectively, of a recently described member of the
NF-B family, such as MAIL (molecule possessing ankyrin
repeats induced by lipopolysaccharide) (Tables 1 and 2).
The microarray findings indicate that both poxvirus vec-
tors triggered similar but also distinct regulatory pathways in
MDDC, with MVA upregulating more host genes than
NYVAC.
Validation of microarray data by quantitative real-time RT-
PCR. To confirm the microarray results, we validated the
changes in transcript levels using real-time RT-PCR to verify
the transcriptional changes in 12 selected genes (TNF, IFN-
,
ISG15, NF-B-2, IL12, IL7, IL6, IFN-, OASL, ATF-3,
ADORA, and H2AFY); HPRT was used as an internal control.
The assay was performed with the same RNAs as those used in
the microarray experiment (Table 2). The expression pattern
and relative mRNA abundance of the selected genes con-
curred with microarray data in all cases, with only slight vari-
ations, validating the microarray findings (see Table S4 in the
supplemental material). Indeed, clear differences were ob-
served in the expression levels of selected genes for both vi-
ruses.
FIG. 4. Functional classification of genes with altered expression in MVA- or NYVAC-infected MDDC versus uninfected cells after
microarray analysis. Genes with altered expression in MVA- or NYVAC-infected MDDC were compared with uninfected cells. (A) The y
axis shows the most representative high-level functions associated with genes regulated in MVA- or NYVAC-infected MDDC, according to
ingenuity pathway analysis. The x axis represents the percentage of the total number of regulated genes associated with a given function.
(B) Venn diagrams represent common or specific genes upregulated (	2-fold) or downregulated (2-fold) in MVA- or NYVAC-infected
MDDC compared to mock-infected cells.
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To further validate these results (see Table S4 in the sup-
plemental material), we used cDNAs from MDDC obtained
from two other healthy volunteers. MDDC were infected with
MVA or NYVAC for 6 h, cDNA was prepared, and RT-PCR
was performed as described above (Table 3). The results for
three donors revealed a similar pattern of cytokine gene ex-
pression induced by the two poxvirus vectors (Table 3), vali-
dating the microarray data.
Differences in host gene expression levels in MVA- and
NYVAC-infected MDDC compared to infected HeLa cells.
To provide further evidence for distinct gene regulation by
NYVAC and MVA, we compared gene expression levels
between HeLa cells infected with MVA or NYVAC with
MDDC infected with the same poxvirus vectors. Genes ex-
pressed in 6-h NYVAC- or MVA-infected HeLa cells were
subtracted from the genes regulated by both viruses in in-
fected MDDC. Thus, we selected those genes showing at
least twofold-higher expression levels in one cell type than
in the other. We identified 1,245 genes that were differen-
tially expressed after MVA infection of MDDC compared to
HeLa cells (34.5% of the genes selected); of these genes,
463 were upregulated and 782 were downregulated in in-
fected MDDC compared to infected HeLa cells. In the case
of NYVAC infection, 1,970 genes were differentially ex-
pressed in MDDC versus HeLa cells (51.1% of the selected
genes); of these genes, 1,009 were upregulated and 961 were
downregulated in infected MDDC compared to HeLa cells.
MVA- and NYVAC-infected MDDC shared 268 upregu-
lated and 380 downregulated genes (data not shown). Func-
tional analysis of genes with at least twofold-higher expres-
sion levels in MVA- or NYVAC-infected MDDC showed
similar percentages for the main functional categories in-
cluding immune response, cell death, or cell signaling (data
not shown). Examples of these genes are shown in Table 4
and in Tables S4 and S5 in the supplemental material.
Several genes that were upregulated in MVA-infected
MDDC also showed higher expression levels than their coun-
terparts in MVA-infected HeLa cells or in NYVAC-infected
MDDC. These include TNF-, IFN-
, interferon-induced
IFIT1 and IFIT4 genes, cytokines such as GRO2 (CXCL2),
and genes involved in the antiviral immune response (RIG-I,
MDA5, and GBP5).
TABLE 1. Representative genes regulated by MVA or NYVAC in infected MDDC according to predicted biological function
Description GenBank accession no. Gene
Fold change in
transcription
MVA NYVAC
IFN and IFN-induced genes
IFN-induced protein with tetratricopeptide repeats 4 NM_001549 IFIT4 52.45 3.37
IFN-induced protein with tetratricopeptide repeats 1 NM_001548 IFIT1 47.8 4.65
IFN-induced, hepatitis C virus-associated microtubular
aggregate protein (44 kDa)
NM_006417 MTAP44 20.95 2.63
IRF-2 NM_002199 IRF2 6.54 3.48
IRF-7 NM_004031 IRF7 2.52 1.3
IFN-1 NM_024013 IFNA1 2.51 1.92
Myxovirus (influenza virus) resistance 1, IFN-inducible
protein p78 (mouse)
NM_002462 MX1 2.26 1.44
IRF-5 NM_002200 IRF5 2.31 1.06
IFN--inducible protein 27 NM_005532 IFI27 2.46 1.62
IFN--inducible protein 30 NM_006332 IFI30 2.79 2.79
Interleukins
IL-6 (IFN, beta 2) NM_000600 IL6 4.05 1
IL-1 NM_000575 IL1A 1.43 2.01
IL-8 NM_000584 IL8 2.9 1.39
IL-1
 NM_000576 IL1B 2.25 1.39
TNF (TNF superfamily, member 2) NM_000594 TNF 52.21 6.79
Other cytokines
GRO2 oncogene (SCYB2), CXCL2 NM_002089 GRO2 6.58 2.22
Small inducible cytokine A3 NM_002983 SCYA3 4.22 1.12
Small inducible cytokine A5 (RANTES) NM_002985 SCYA5 4.17 1.17
Small inducible cytokine A4 NM_002984 SCYA4 3.74 1.14
Colony-stimulating factor 2 (granulocyte-macrophage) NM_000758 CSF2 3.13 1.08
Apoptosis
Nuclear factor of kappa light polypeptide gene
enhancer in B cells inhibitor 
NM_020529 NFKBIA 9.59 6.02
MAIL, NFKBIZ NM_031419 MAIL 12.99 4.91
BCL2-associated athanogene 3 NM_004281 BAG3 8.42 1.28
Calpain 1, (mu/I) large subunit NM_005186 CAPN1 4.1 1.78
Antiviral immune response
Melanoma differentiation-associated protein 5 NM_022168 MDA5 7.77 1.67
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The comparative profiling of infected MDDC versus HeLa
cells provides additional evidence that both poxvirus vectors
affect host gene expression differently.
Induction of immunomodulatory molecules and activation
of IFN pathways in MVA- and NYVAC-infected MDDC. While
the above-described experiments indicate that both MVA and
NYVAC produced an increase in gene expression of certain
cytokines (see Tables S1 and S2 in the supplemental material),
MVA elicited higher expression levels of specific immuno-
modulatory molecules such as TNF-, IFN-
, CCL5, and IL-
12. IL-1 and IL-1
 expression levels were nonetheless slightly
enhanced after NYVAC infection. Genes involved in the an-
tiviral response, such as OASL, RIG-I, and MDA5, were up-
regulated after MVA infection. We therefore analyzed the
correlation between transcription and translational levels of
specific immunomodulatory molecules after poxvirus infection
of MDDC. Since we observed high transcriptional levels of
TNF- after MVA infection of MDDC in the microarrays, we
used ELISA to evaluate TNF- levels in supernatants of in-
fected MDDC from three healthy volunteers. High TNF-
TABLE 2. Differential gene expression profiling of MVA-infected versus NYVAC-infected human DCa
Description GenBank accession no. Gene Fold change ofMVA/NYVAC
IFNs and IFN-induced genes
IFN-induced protein with tetratricopeptide repeats 4 NM_001549 IFIT4 11.45
IFN-induced protein with tetratricopeptide repeats 1 NM_001548 IFIT1 7.38
IFN-induced, hepatitis C virus-associated microtubular aggregate
protein (44 kDa)
NM_006417 MTAP44 5.52
Guanylate binding protein 5 NM_052942 GBP5 5.37
IFN-
1, fibroblast NM_002176 IFNB1 5.06
IFN-stimulated protein, 15 kDa NM_005101 ISG15 2.56
IFN-stimulated gene (20 kDa) BC016341 ISG20 2.51
IRF-7 NM_004031 IRF7 2.31
IFN-1 NM_024013 IFNA1 1.18
Interleukins
IL-12
 (NK cell-stimulatory factor 2) NM_002187 IL12B 5.44
IL-6 (IFN-
2) NM_000600 IL6 4.05
IL-1 NM_000575 IL1A 2.42
IL-1
 NM_000576 IL1B 3.14
TNF and related genes
TNF (TNF superfamily, member 2) NM_000594 TNF 10.38
TNF receptor-associated factor 6 NM_004620 TRAF6 1.7
Tumor necrosis factor receptor superfamily, member 10b AF016266 TNFRSF10B 1.07
Other cytokines
Small inducible cytokine A4 NM_002984 SCYA4 5.61
Small inducible cytokine A5 (RANTES) NM_002985 SCYA5 3.06
GRO2 oncogene (SCYB2), CXCL2 NM_002089 GRO2 2.78
Small inducible cytokine subfamily B member 10, CXCL10, IP-10 NM_001565 SCYB10 2.35
Colony-stimulating factor 2 (granulocyte-macrophage) NM_000758 CSF2 1.94
Apoptosis
BCL2-associated athanogene 3 NM_004281 BAG3 4.55
MAIL, NFKBIZ NM_031419 MAIL 2.85
Calpain 1 (mu/I) large subunit NM_005186 CAPN1 1.72
Antiviral immune response
RNA helicase NM_014314 RIG-I 5.72
Melanoma differentiation-associated protein 5 NM_022168 MDA5 5.05
OASL NM_003733 OASL 4.53
a Shown is a comparison of gene expression profiling between MVA- and NYVAC-infected MDDC. Representative human genes specifically regulated by each
vector according to predicted biological function are shown.
TABLE 3. Expression levels of selected genes by
real-time RT-PCRa
Gene product
Fold change by real-time RT-PCR
MVA vs mock NYVAC vs mock
DC 1 DC 2 DC 3 DC 1 DC 2 DC 3
TNF 36.63 25.45 44.32 2.23 4.95 4.48
IFN-
 43.86 28.87 27.76 2.15 4.98 1.85
ISG15 3.82 4.62 3.81 2.15 2.27 2.26
IL-12 7.91 5.89 7.98 2.08 1.98 1.79
IL-7 1.78 0.90 2.07 1.27 1.55 0.81
IL-6 2.01 2.36 3.03 1.16 1.41 2.54
IFN- 1.45 1.82 1.4 1.19 0.98 1
NF2 2.02 3.05 3.64 1.68 2.06 2
OASL 27.66 37.66 26.63 2.13 1.43 0.519
ATF-3 1.96 2.19 1.98 3.51 3.75 3.91
H2AFY 1.44 1.89 1.98 3.73 0.75 0.91
ADORAA2 0.714 1.18 3.6 1.28 1.18 0.63
a MDDC from three donors (DC1, DC2, and DC3) were mock, MVA, or
NYVAC infected and processed for RT-PCR.
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levels were induced in MDDC from all volunteers after MVA
infection compared to NYVAC infection, with higher levels at
6 than at 16 hpi (Fig. 5A).
Since high levels of type I IFN gene expression (Table 2)
were produced after poxvirus infection of MDDC, and IFN
expression is regulated by IRFs (IRF-3 and IRF-7), we ana-
lyzed the levels of these two factors involved in the IFN-
responsive pathway. Western blot analysis showed increased
IRF-7 levels after MVA and NYVAC infection of MDDC but
not after infection of HeLa cells (Fig. 5B). To induce IFN gene
expression, IRF phosphorylation is needed (72). We thus used
Western blotting to determine levels of IRF-3, both unphos-
phorylated and phosphorylated, in MVA- or NYVAC-infected
MDDC. The results showed an increase in IRF-3 phosphory-
lation in MVA- and NYVAC-infected compared to uninfected
cells (Fig. 5B). Phosphorylation levels were higher in NYVAC-
than in MVA-infected MDDC, although this increase was not
observed in HeLa cells. Levels of the VACV protein E3, an
inhibitor of IRF-3 phosphorylation (72), were considerably
higher after MVA infection than after NYVAC infection.
These findings indicate that the enhanced transcriptional
levels of genes encoding immunomodulatory molecules ob-
served in microarray after MVA or NYVAC infection corre-
late with protein levels, at least for TNF, and that the induction
of type I IFN gene expression may be mediated by poxvirus-
induced expression of RIG-I/MDA5. This in turn would trigger
the phosphorylation of IRF-3, translocation to the nucleus,
and the activation of IFN gene expression.
DISCUSSION
Efficient antiviral immunity involves both innate and adap-
tive immune responses. Adaptive immunity leads to viral clear-
ance and generates long-term immunological memory through
the generation of specific T and B cells. DC found in an
immature state in all tissues orchestrate the development of
TABLE 4. Differential gene expression in MVA/NYVAC-infected DC compared to that in MVA/NYVAC-infected HeLa cellsa
Description GenBank accession Gene
Fold change
MVA NYVAC
Immune response, inflammatory response
Small inducible cytokine A3 NM_002983 SCYA3 66.81 10.63
IFN-induced protein with tetratricopeptide repeats 4 NM_001549 IFIT4 32.52 10.87
TNF (TNF superfamily, member 2) NM_000594 TNF 31.40 5.60
IL-8 NM_000584 IL8 20.53 31.45
V-fos FBJ murine osteosarcoma viral oncogene homolog NM_005252 FOS 20.49 1.75
Guanylate binding protein 5 NM_052942 GBP5 15.21
CD83 antigen (activated B lymphocytes, immunoglobulin superfamily) NM_004233 CD83 14.53 12.41
IFN-
1, fibroblast NM_002176 IFNB1 13.70 4.52
GRO2 oncogene NM_002089 GRO2 13.21 1.64
Pre-B-cell colony-enhancing factor NM_005746 PBEF 8.01 13.38
MDA5 NM_022168 MDA5 6.66
Nuclear factor of kappa light polypeptide gene enhancer in B cells 1 (p105) NM_003998 NFKB1 5.70 12.59
RNA helicase NM_014314 RIG-I 5.42
IFN--inducible protein (clone IFI-6–16) NM_022873 G1P3 4.69 2.77
IRF-7 NM_004031 IRF7 4.24 3.37
IFN-induced protein with tetratricopeptide repeats 1 NM_001548 IFIT1 3.88 8.63
IFN--inducible protein 30 NM_006332 IFI30 3.51 5.85
Myxovirus (influenza virus) resistance 1, IFN-inducible protein p78 (mouse) NM_002462 MX1 3.45
Small inducible cytokine A4 NM_002984 SCYA4 14.94
Apoptosis
TNF--induced protein 3 NM_006290 TNFAIP3 18.24 20.04
Apolipoprotein E NM_000041 APOE 15.45 4.58
TNF receptor-associated factor 1 NM_005658 TRAF1 2.43 4.92
Death-associated protein 6 NM_001350 DAXX 1.22 6.17
IL-1
 NM_000576 IL1B 5.49
Cathepsin B NM_001908 CTSB 11.43
Cell cycle, signaling
Carcinoembryonic antigen-related cell adhesion molecule 6 M18216 CEACAM6 78.47 10.14
Endothelial PAS domain protein 1 NM_001430 EPAS1 11.21 7.29
Leupaxin NM_004811 LPXN 9.59 7.45
Fibrinogen, gamma polypeptide NM_021870 FGG 7.79 13.30
Prostaglandin E receptor 1 (subtype EP1), 42kD NM_000955 PTGER1 5.76 10.54
Mitogen-activated protein kinase 6 NM_002748 MAPK6 5.33 8.48
Wingless-type MMTV integration site family, member 10B NM_003394 WNT10B 4.25 6.44
Pleckstrin NM_002664 PLEK 11.08
CD53 antigen NM_000560 CD53 9.48
RAP1B, member of RAS oncogene family NM_015646 RAP1B 15.26
a Both cell types were infected with MVA or NYVAC (5 PFU/cell), and total RNA was extracted at 6 hpi and processed for microarray and data analysis (see
Materials and Methods and Results). FBJ, Finkel-Biskis-Junkins; PAS, Per-Arnt-Sim.
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adaptive immunity (6). Following pathogen recognition, there
are changes in the expression of DC proinflammatory genes,
including those coding for cytokines, chemokines, and costimu-
latory molecules, in a process known as DC maturation (6, 58).
These functional changes are necessary for initiating adaptive
immunity. Immediately after viral infection, host innate im-
mune defenses are induced. These immune responses are crit-
ical for the activation of adaptive immunity. There is nonethe-
less a 4- to 7-day delay before the adaptive immune response is
initiated, during which time the innate immune response has
an important role in early viral clearance (37). VACV attempts
to subvert the innate response by secreting proteins that inac-
tivate complement (41), inhibit the IFN response (9, 74), pro-
tect it from inflammatory responses, and prevent natural killer
(NK) cell activation (2).
Poxvirus vectors are efficient activators of host immune re-
sponses to virally expressed antigens of distinct origin and are
being used as potential vaccines for several pathogens and
tumors (49, 50, 55). It is therefore important to define the
transcriptional changes in human APC, particularly in MDDC,
after VACV vector infection. Here, we showed that MDDC
infected with MVA or NYVAC at 5 PFU/cell caused extensive
morphological damage to the cells at late times postinfection.
This is characterized by the severe inhibition of protein syn-
thesis by 6 hpi and apoptosis induction together with rRNA
cleavage at 16 hpi. In spite of a general translational block
induced by the two vectors, some of the early (E3) and late
(A4, A14, and A27) viral proteins examined were produced in
the infected cells, although differences were observed between
these vectors. In contrast to MVA infection, NYVAC-infected
MDDC do not produce A17 or A27 proteins, and both viruses
do not synthesize A36R or B5R proteins. The difference in
viral gene expression between the two vectors might be related
to the extent of eIF-2 phosphorylation and RNA degradation
induced during infection as well as the presence or absence of
certain viral genes in the poxvirus vectors. In agreement with
other investigators, MVA induced apoptosis late in the infec-
tion and inhibition of some of the late proteins. In view of the
severity of the effect triggered by the two poxvirus vectors in
MDDC late in the infection, we used 6 hpi and a multiplicity of
5 PFU/cell for gene expression profiling. We applied genomic
studies using microarrays and various data analysis conditions
to define the impact of infection of immature human MDDC
with the two attenuated VACV strains MVA and NYVAC.
We identified genes regulated by MVA and NYVAC infection
of MDDC at a postinfection time before rRNA breakdown
and defined that these two vectors trigger some similar and
some distinct host gene expression profiles. For this study, we
used three approaches. First, we identified genes that were
selectively expressed in MVA- or NYVAC-infected MDDC
compared to mock-infected cells. We subsequently defined
genes that were specifically regulated by MVA in comparison
with NYVAC infection, and finally, we described genes regu-
lated in MVA- or NYVAC-infected HeLa cells compared to
MDDC infected by these viruses. Our analysis showed that in
infected human MDDC, MVA upregulates more genes than
NYVAC. Since the expression of genes involved in host de-
fense is markedly enhanced after MVA infection, we discuss
the contribution of some of these genes to MDDC responses,
taking the viral genes that counteract host immune responses
FIG. 5. Validation of microarray data at the protein level. (A) TNF- levels in cell supernatants after MVA or NYVAC infection. MDDC from
three different donors were mock infected or infected with MVA or NYVAC (5 PFU/cell) for 2, 6, and 16 h, and TNF levels in supernatants were
measured by ELISA. Values indicate duplicate samples in two independent experiments. An asterisk indicates a lack of data. (B) IRF-3 and IRF-7
levels in virus-infected MDDC. Mock (lanes 1 and 4)-, MVA (lanes 2 and 5)-, or NYVAC (lanes 3 and 6)-infected (5 PFU/cell) MDDC or HeLa
cell extracts were fractionated by SDS-PAGE, transferred onto nitrocellulose, and incubated with antibodies to IRF-7, IRF-3, phosphorylated
IRF-3 (IRF-3-P), eIF-2 (as a protein loading control), and the viral protein E3L (as a virus infection control). The molecular weight of protein
standards (MW) (in thousands) is indicated (right).
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into consideration. It should be noted that the effect of the
poxvirus vectors on host genome profiling is due to the contri-
bution of the infected and noninfected cells (Fig. 1) together
with the immunomodulators released during infection acting in
an autocrine and paracrine manner.
TLR. An efficient innate immune response is a prerequisite
for the activation of adaptive immune responses. Toll-like re-
ceptors (TLR) are expressed predominantly in APC such as
macrophages and MDDC. TLR3 is a double-stranded RNA
receptor with a key role in antiviral and inflammatory re-
sponses through cross-priming of several physiological path-
ways including the activation of IFN responses, NF-B,
mitogen-activated protein kinase pathways, and the caspase
cascade (54). We found that TLR3 expression was clearly up-
regulated after MVA infection of MDDC, implying a possible
role for TLR3 in double-stranded RNA-initiated antiviral and
inflammatory responses. Altered TLR expression has been
linked to enhanced responsiveness to viral infection, as re-
ported previously for viruses such as respiratory syncytial virus
(27), VACV (34), and hepatitis C virus (45). In VACV, two
viral genes have been implicated in TLR-dependent signaling,
the A46R and A52R genes. While the A46R gene is present in
both MVA and NYVAC genomes, the A52R gene is found
only in NYVAC. Since this viral gene is involved in the block-
ade of NF-B by several TLR, including TLR3, we propose
that the upregulation of the TLR3 pathway after MVA infec-
tion (Fig. 6) could be due to the absence of the A52R gene in
its genome. This activation was not observed after NYVAC
infection. The A52R gene has been described to associate with
both IL-1 receptor-associated kinase 2 (IRAK2) and TNF re-
ceptor-associated factor 6 (TRAF6), two key proteins in TLR
signal transduction (34). We observed the upregulation of
TRAF6 and the downregulation of IL-1 and IL-1
 only in
MVA-infected MDDC.
Comparison of a TLR signaling pathway in MVA- and
NYVAC-infected MDDC showed similar transcription levels
in genes encoding receptor/adaptors, with some genes slightly
repressed (phosphatidylinositol 3-kinase and IRAK1) and
FIG. 6. Signaling pathways regulated by MVA or NYVAC infection in MDDC. Genes whose expression levels are enhanced in MDDC by the
poxvirus vector infection are shown in gray, and downregulated genes are shown in black. Viral genes known to interfere with selected pathways
are indicated. MVA lacks genes that interfere TLR signaling (A52R and A53R), which are present in NYVAC.
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some genes slightly enhanced (TRAF6 and TBK1). Transcrip-
tion levels were similar in genes encoding transcription factors
and inflammatory cytokines, with some enhanced genes in
MVA-infected (IFN-, IFN-
, TNF-, IL-12
, CCL3, CCL4,
CCL5, and CXCL10) and in NYVAC-infected (IFN-
 and
TNF-) cells. Neither MVA nor NYVAC had any effect on
costimulatory molecule expression (CD40, CD80, and CD86).
Transcription of genes involved in the antiviral immune re-
sponse and cytokine production was clearly more enhanced in
MVA-infected MDDC than in NYVAC-infected MDDC.
Type I IFN production and antiviral response. The most
consistent changes in MDDC infection by the attenuated pox-
virus vectors involved genes implicated in the type I IFN-/

response (Tables 1 to 3). By generating an intracellular envi-
ronment that restricts viral replication, type I IFN represent a
first line of defense against virus infection (25). The IFN sig-
naling system produces a broadly effective innate response by
creating an antiviral state in both an autocrine and a paracrine
manner (81). IFN gene expression is regulated by IRF-3 phos-
phorylation, homodimerization, and nuclear translocation
(67). Once in the nucleus, IRF-3 interacts with IRF-3-respon-
sive promoters and the transcriptional coactivator histone
acetyltransferase CBP/p300, leading to the transcription of
IRF-responsive genes; together with NF-B and AP-1, IRF-3
also promotes IFN-
 transcription. The microarray experi-
ments showed a clear upregulation of RIG-I and MDA5 levels
only after MVA infection (Tables 1 to 3). As RIG-I and
MDA-5 mRNA expression levels are strongly enhanced by
type I IFN (70), we propose that the elevated IFN levels
produced after MVA infection might be involved in the up-
regulation of RIG-I and MDA5, which can also activate the
expression of type I IFN in a feedback mechanism (Fig. 6).
This is supported by the enhanced IRF-3 phosphorylation ob-
served in MVA-infected MDDC cells (Fig. 5B).
RIG-I and MDA5 upregulation was not observed in previ-
ous studies using mRNA microarrays from MVA-infected
HeLa cells (29). The specificity of RIG-I and MDA5 expres-
sion in MVA-infected MDDC was also confirmed in a microar-
ray experiment comparing the expression profiles of MVA-
infected HeLa cells and MDDC at 6 hpi (Table 4; also see
Table S4 in the supplemental material). These observations
indicate a cell type-specific involvement of RIG-I in the anti-
viral response to poxvirus infection. This concurs with the
observations made previously by Ichikawa et al., where type I
IFN induction in fibroblasts and myeloid DC was RIG-I de-
pendent, while type I IFN induction in periferical DC was
independent of RIG-I (36). RNA virus recognition by RIG-I
and MDA5 is reported to involve distinct mechanisms (36), but
little is known of the mechanisms used by their helicases in
infection with DNA viruses.
Type I IFN levels were notably higher during MVA infection
than during NYVAC infection. There was no apparent RIG-I
or MDA-5 upregulation during NYVAC infection, possibly
due to low IFN levels or to specific differences between MVA
and NYVAC genomes. VACV genes involved in inhibiting the
IFN response include the E3L (16), B18R (17), K3L (12), and
N1L (31) genes. Although MVA and NYVAC share common
deleted genes, including serpins (the B13R and B14R genes),
the M2L and N1L genes, which are involved in signaling, and
host range genes (the K1L gene), most other deleted genes
differ between the two strains. The differences in deleted genes
between MVA and NYVAC must play a role in the host
genome expression pattern induced after MDDC infection
with these vectors (Fig. 6).
Proinflammatory cytokine production (TNF-, IL-12,
and IL-6). Another important difference between MVA and
NYVAC infection was the activation of TNF-, IL-12, and
IL-6, which were upregulated more than 10-, 5-, and 4-fold,
respectively, in MVA versus NYVAC infection. Since NF-B
plays an important role in the expression of inflammatory cy-
tokines, including TNF- and IL-12, our results suggest an
activation of this pathways by MVA, as previously described
for HeLa cells (28, 29). Upregulation of these immunomodu-
lators is likely to have an important role in MDDC function.
TNF- would be released by MDDC while in peripheral tis-
sues to further recruit MDDC precursors and sustain antigen
capture and presentation. On the contrary, IL-12 would be
released by MDDC in lymph nodes to polarize Th cells toward
a Th1 phenotype (42). The fact that viruses encode proteins
that act to subvert nearly all aspects of TNF- signaling (11)
emphasizes the importance of the TNF-/TNF receptor axis in
antiviral immunity and virus-host interactions. Poxviruses have
evolved various strategies to prevent apoptosis, including the
ability to inhibit secreted TNF- (57). In microarrays and
Western blots, we found an increase in TNF- mRNA (Tables
1 to 4) and protein levels (Fig. 5A) in MVA-infected but not in
NYVAC-infected MDDC. As the A53R gene is deleted in
MVA and is intact in NYVAC, we propose that by its high-
affinity binding to human TNF (3), the A53R gene product
may be responsible for the decreased TNF levels observed in
NYVAC-infected MDDC supernatants.
Apoptosis signaling. During our transcriptional profiling
analysis of MVA- and NYVAC-infected MDDC, we observed
a clear rRNA breakdown associated with infection by MVA
and NYVAC (Fig. 3). MVA infection produced high levels of
the 5-OA synthetase-like messenger (Table 2) at 6 hpi, and this
is probably the reason for the apparent increase in RNA deg-
radation by MVA compared to NYVAC infection. Activation
of this enzyme mediates an antiviral and antitumor function by
cleaving cellular and viral RNAs, promoting a general inhibi-
tion of protein synthesis and apoptosis (53, 69). The rRNA
breakdown products are identical to those produced in cells
infected with a VACV recombinant expressing RNase L (not
shown), suggesting that MVA or NYVAC infection in MDDC
triggers the activation of the 5-OA synthetase/RNase L path-
way at late times postinfection (Fig. 3C). Both MVA and
NYVAC induced apoptosis in infected MDDC, indicating that
a poxvirus-infected MDDC will eventually die. Taking into
consideration that the viral E3 protein, a PKR inhibitor (7, 9,
44, 65, 68, 79), is produced at high levels after infection of
MDDC with both viruses (Fig. 2), which should block PKR
activation, in view of the levels eIF-2 phosphorylation trig-
gered by the poxvirus vectors, we cannot rule out the possibility
of another kinase being responsible for eIF-2 phosphoryla-
tion and apoptosis induction after MDDC infection. The role
of apoptosis in the immune response is still unclear, but anti-
gens produced by apoptotic cells have been reported to in-
crease antigen immunogenicity, which is likely to be more
effective in cross-priming (76).
In summary, we have identified important differences in host
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genome expression profiling of human immature MDDC after
infection with the attenuated poxvirus vectors MVA and
NYVAC. This has been achieved using microarray technology
and direct comparison of cDNAs from three different systems:
MVA- or NYVAC-infected versus mock-infected MDDC,
MVA- versus NYVAC-infected MDDC, and MVA- or
NYVAC- infected MDDC versus infected HeLa cells. We
identified a number of genes that were expressed similarly as
well as others that showed differential expression profiling by
these viral vectors. In general, MVA infection upregulated
more genes than NYVAC infection. Of note are the differ-
ences in TNF- and IFN-
 levels, which were higher after
MVA infection of MDDC than after NYVAC infection. These
differences in vector behavior might be related to the number
of genes in the genome of each vector, with MVA lacking more
immunomodulatory genes than NYVAC. These poxvirus vec-
tors induced apoptosis in MDDC, suggesting that a cell in-
fected in vivo will not survive. Furthermore, the differences in
host gene expression and levels of immunomodulatory mole-
cules produced in MDDC might affect the quality of the im-
mune response induced by each of these vectors when used as
vaccines against pathogens and tumors.
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Recombinant vaccinia viruses based on the attenuated NYVAC and MVA strains are promising
vaccine candidates against a broad spectrum of diseases. Whilst these vectors are safe and
immunogenic in animals and humans, little is known about their comparative behaviour in vivo.
In this investigation, a head-to-head analysis was carried out of virus dissemination in mice
inoculated by the mucosal or systemic route with replication-competent (WRluc) and attenuated
recombinant (MVAluc and NYVACluc) viruses expressing the luciferase gene. Bioluminescence
imaging showed that, in contrast to WRluc, the attenuated recombinants expressed the reporter
gene transiently, with MVAluc expression limited to the first 24 h and NYVACluc giving a longer
signal, up to 72 h post-infection, for most of the routes assayed. Moreover, luciferase levels in
MVAluc-infected tissues peaked earlier than those in tissues infected by NYVACluc. These
findings may be of immunological relevance when these vectors are used as recombinant
vaccines.
Some of the most promising vaccine candidates being
evaluated in clinical trials against AIDS, malaria and cancer
are based on poxvirus recombinants. They are valuable
tools for the expression of foreign antigens directly inside
the cells of the host organism, as would happen in natural
infection, and induce potent cellular immune responses
against the heterologous product (Bonnet et al., 2000;
Zavala et al., 2001). Among poxviruses, highly attenuated
strains, such as modified vaccinia virus Ankara (MVA) or
NYVAC, are considered the strains of choice for preclinical
and clinical vaccine development. MVA was derived from
the Ankara strain of vaccinia virus (VACV) by approxi-
mately 570 serial passages in primary chick embryo
fibroblasts and has genome deletions (30 kbp) that include
VACV genes involved in host immune regulation and host
range (Mayr et al., 1978; Antoine et al., 1998). NYVAC was
derived from the Copenhagen strain of VACV. It was
attenuated genetically by the deletion of 18 non-essential
genes implicated in host range or virulence (Tartaglia et al.,
1992a, b). The major advantage of MVA and NYVAC is the
safety record and, despite their limited replication in
human and most mammalian cell types, both viral strains
provide a high level of gene expression and are immuno-
genic when delivering foreign antigens in animals and
humans (Cox et al., 1993; Amara et al., 2001; Hel et al.,
2001; Gherardi et al., 2003; Didierlaurent et al., 2004;
Gomez et al., 2004, 2007a, b; Webster et al., 2005).
Although the capacity of these attenuated vectors to
produce levels of recombinant antigens similar to those
produced by replication-competent viruses has been
demonstrated widely, to date an in vivo comparative
analysis of virus dissemination of MVA and NYVAC
strains when administered by different routes has not been
done.
Molecular imaging offers many unique opportunities
to study biological processes in intact organisms.
Bioluminescence imaging (BLI) is based on the sensi-
tive detection of visible light produced during enzyme
(luciferase)-mediated oxidation of a molecular substrate
when the enzyme is expressed in vivo as a molecular
reporter (Sadikot & Blackwell, 2005). This technology has
been applied in studies to monitor transgene expression,
progression of infection, tumour growth and metastasis,
transplantation, viral infections and gene therapy (Edinger
et al., 1999; Doyle et al., 2004; Ray et al., 2004). This non-
invasive technique allows quantification in the same animal
of the spatial and temporal progression of the infection,
identifying animal-to-animal variations in viral replication
and dissemination. In this study, we have followed, by
BLI and biochemical analyses, the distribution in mice
of MVA and NYVAC vectors, in comparison with the3These authors contributed equally to this work.
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replication-competent VACV strain Western Reserve
(WR), when administered by different routes.
The poxvirus recombinants used in this study expressed
the luciferase reporter gene and were derived from MVA
(kindly provided by G. Sutter, Paul-Ehrlich-Institut,
Langen, Germany), NYVAC (kindly provided by Sanofi-
Pasteur) and WR strains. MVAluc and WRluc recombi-
nants were described previously (Rodriguez et al., 1988;
Ramirez et al., 2000). NYVACluc was generated in this
work according to standard methods by using the same
plasmid-transfer vector, pSCLUC, as was used for the
generation of WRluc and MVAluc, which placed the gene
under control of the virus p7.5 early/late promoter and the
insertion site in the thymidine kinase (TK) locus of the
viral genome (Rodriguez et al., 1988).
To visualize dissemination of the different viruses in vivo,
female BALB/c mice, 6–8 weeks old (Harlan OLAC), were
inoculated by the following routes: intraperitoneal (i.p.,
200 ml), intramuscular (i.m., 50 ml), intranasal (i.n., 50 ml),
intrarectal (i.r., 50 ml) or intragastric (i.g., 50 ml), with
16107 p.f.u. of either MVAluc or NYVACluc per animal
or with 16106 p.f.u. of WRluc diluted in PBS per mouse.
In the case of the tail-scarification (t.s.) route, 16106 p.f.u.
virus per mouse was administered in a total volume of
10 ml. Animals were anaesthetized with 100 ml per 20 g
weight of a 1 : 9 mixture of ketamine-500 (Merial) and 2 %
xylazine (Bayer) before t.s. and i.m. inoculation, and 100 ml
D-luciferin (Xenogen) at a concentration of 30 mg ml21
diluted in 150 mM NaCl solution was injected by the i.p.
route. The animals were placed in the imaging chamber
of the Xenogen IVIS system, which includes a cooled
CCD camera. A greyscale photograph of the animals was
acquired, followed by a bioluminescent acquisition start-
ing at 10 min after the luciferin injection. Images were
collected for 3 min each in the ventral and dorsal positions.
Regions of interest (ROIs) were drawn over the positions
of greatest signal intensity on the animal, as well as over
regions of ‘no’ signal, which were used as background
readings. Light intensity was quantified by using
photons s21 cm22 sr21. The greyscale photograph and
data images from all studies were superimposed by using
LivingImage (Xenogen). Luciferase activity is depicted with
a pseudocolour scale, using red as the highest and blue
as the lowest photon flux. Measurements of BLI were
performed daily and the progression of infection was
monitored until disappearance of the signal. Serial images
were obtained from animals and the mean photon flux was
quantified. There was no bioluminescence above back-
ground level in mock-infected mice, which were used as a
negative control.
First, we determined how the systemic routes, i.p., i.m. and
t.s., impacted on luciferase expression, as an index of virus
dissemination in the whole animal. In mice inoculated
i.p. with either MVAluc or NYVACluc, light emission was
detected in the abdominal region, demonstrating the dis-
semination of the virus beyond the site of peritoneal
infection. This is observed clearly in WRluc-infected
animals, with extensive virus spreading and luciferase
expression lasting for longer than 4 days (Fig. 1a). The
highest levels of luciferase in animals receiving the attenu-
ated viruses were detected at day 1 post-inoculation (p.i.);
however, whereas in MVAluc-infected mice, the signal
decreased markedly at day 2 p.i. and no luciferase activity
was detected at later times, in NYVACluc-infected mice,
the signal remained detectable until day 3 p.i. This was
confirmed by photon-flux quantification performed at
the site of inoculation (Fig. 1b). The levels of luciferase
increased by about 4 logs above background for WRluc at
the different times assayed, whilst for NYVACluc and
MVAluc, the increments were 74- and 16-fold, respectively,
at day 1 p.i., and 15- and 2.5-fold, respectively, at day 2 p.i.
The i.m. route is generally the way used to administer
poxvirus and DNA vaccine candidates in clinical trials.
This route has been preferred to s.c. or i.d. delivery to
minimize the severity of reactions associated with the
injection. When we inoculated animals by the i.m. route
with the different viruses, we observed that the luciferase
signal was mainly restricted to the inoculation site (Fig. 1c).
Photon-flux quantification showed that, in contrast to
WRluc-infected mice, the luciferase levels at the site of
virus inoculation decreased in a time-dependent manner
for MVAluc and NYVACluc vectors (Fig. 1d). Whilst by
day 1 p.i., the two attenuated viruses induced similar
levels of luciferase, at day 2 p.i., differences were observed
between the vectors. NYVACluc-induced values were 100-
fold higher than background, whereas MVAluc levels
were only 4-fold higher. By the t.s. route, the expression
of luciferase in animals inoculated with MVAluc or
NYVACluc was very low and was restricted to the site of
inoculation, in contrast to mice receiving WRluc, in which
the signal increased gradually after infection, a sign of WR
virus spreading in the animal. This was confirmed by
photon-flux quantification (Fig. 1e). Next, we examined
the expression pattern of MVAluc and NYVACluc follow-
ing i.n., i.r. and i.g. inoculations. By i.n. inoculation,
luciferase expression in MVAluc- and NYVACluc-infected
mice was transient and restricted to the lungs. In contrast,
bioluminescence was detected in the nose and the chest
of mice receiving WRluc and increased with time, an
indication of virus spreading within the respiratory tract,
affecting trachea, lungs and brain (data not shown).
Systemic dissemination of the viruses to abdominal organs
was not observed at any time point. Photon-flux quantifi-
cation revealed that the luciferase-expression levels for the
two attenuated vectors were low, and remained longer in
NYVACluc-infected animals (Fig. 1f). Following i.r. inocul-
ation, very low levels of luciferase were observed in animals
receiving MVAluc and NYVACluc vectors at any time p.i.
(Fig. 1 g). After i.g. inoculation of MVAluc and NYVACluc,
luciferase expression was transient, with the highest values
observed at day 2 p.i. In NYVACluc-infected mice, the levels
of the reporter gene were higher than for MVAluc-infected
mice and were more sustained (data not shown).
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Fig. 1. (a, c) BLI distribution of WRluc, MVAluc and NYVACluc in mice inoculated by the i.p. (a) or i.m. (c) route. In the right-hand panel of (a), mock-
infected mice (CTRL) are shown. (b, d–g) Quantification of the luciferase signal in the ROI during i.p. (b), i.m. (d), t.s. (e), i.n. (f) and i.r. (g) infections.
Mean±SD values for photon fluxes over time are represented. The solid line represents the background level of bioluminescence.
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As revealed by BLI analysis with the luciferase reporter, and
by comparison of different virus-inoculation routes in
mice, the i.p. and i.m. routes are the most efficient to
obtain high levels of heterologous gene expression. In
contrast to WRluc, the attenuated MVAluc and NYVACluc
viruses expressed the luciferase gene transiently, demon-
strating their restricted replication capacity in vivo, as
documented previously for MVAluc (Ramirez et al., 2000).
Interestingly, in NYVACluc-infected mice, the luciferase
signal from 24 h p.i. onward was more sustained in the
whole animal than that for MVAluc, indicating that the
NYVACluc reporter remains longer within the infected
cells.
Whilst the above results revealed differences in levels of
bioluminescence from 24 h onward for both MVA and
NYVAC vectors when inoculated by systemic routes, it was
important to define the kinetics of vector expression shortly
after virus infection. To this aim, we quantified the enzyme
activity in tissue extracts of mice inoculated i.p., as this is
the most effective route for virus dissemination. Gene
expression of recombinant viruses in different mouse
tissues was monitored by a highly sensitive luciferase assay,
described previously (Rodriguez et al., 1988). Different
groups of mice received an i.p. inoculation (16107 p.f.u.
per animal) of MVAluc, NYVACluc or WRluc. Peritoneal
cells were harvested by mouse peritoneal-cavity lavage with
10 ml sterile PBS, centrifuged at room temperature for
5 min at 1200 r.p.m. and stored at 270 uC. At various
times p.i., animals were sacrificed and spleens, draining
lymph nodes and ovaries were dissected under sterile con-
ditions and stored at 270 uC. Tissues from individual mice
were homogenized in Promega luciferase extraction buffer
(300 ml per spleen and 200 ml per ovary, lymph node or
peritoneal extract) by using an Ultraturrax T8 mechanical
homogenizer (Janke & Kunkel). Luciferase activity was
measured in the presence of luciferin and ATP by using a
Lumat LB 9501 luminometer (Berthold Technologies)
Fig. 2. Kinetics of luciferase expression by
WRluc, MVAluc and NYVACluc in different
mouse target tissues. (a) BALB/c mice were
inoculated i.p. with the different viruses and, at
indicated times, the extent of virus gene
expression in different tissue extracts was
evaluated by luciferase assay. Background
levels in control uninfected tissues are shown
as dashed lines. Results represent mean
values from samples of three animals per time
and group with standard deviations covered by
each symbol. (b) Virus gene expression in cells
from the peritoneal cavity of naı¨ve mice,
isolated and infected with 3 p.f.u. of WRluc,
MVAluc or NYVACluc per cell. At the indicated
times p.i., the extent of virus gene expression
was evaluated by luciferase assay. Results
represent mean values of three independent
experiments with SD.
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according to the manufacturer’s instructions, and was
expressed as luciferase reference units (LRU) (mg pro-
tein)21. Protein content in tissue extracts was measured
with a BCA Protein Assay kit (Pierce Biotechnology). As
shown in Fig. 2, luciferase levels at 4 h p.i. in peritoneal
washes, ovaries and lymph nodes from MVAluc-infected
mice were 5- to 10-fold higher than those found in tissues
from NYVACluc-infected mice, except for the spleen,
where the levels were similar between the two viruses. By
6 h p.i., these levels were comparable and decreased with
time, falling to background values by 48 h p.i. By this time,
the values in WRluc were 2–4 log units higher than for
either MVAluc or NYVACluc. We also quantified the virus
titres in peritoneal washes, ovaries, lymph nodes and spleen
of infected mice. In contrast to tissues from WRluc-
infected mice, where infectious virus was observed, there
was no infectious virus at 24–48 h p.i. in samples from
NYVACluc- and MVAluc-infected mice (data not shown).
These results are in agreement with previous findings for
MVAluc (Ramirez et al., 2000) and indicate higher effici-
ency of virus gene expression for MVA versus NYVAC
shortly after infection.
To verify the differences observed in vivo between both
attenuated recombinants at early times p.i., we isolated cells
from the peritoneal cavity of naı¨ve animals and infected
them with the different viruses. As shown in Fig. 2(b),
expression of luciferase at the different times assayed was
about 1 log unit higher in MVAluc- than in NYVACluc-
infected cells. This was not due to differences in virus
uptake by the cells, but rather to a post-entry event, as
similar levels of luciferase were observed between 2 and 4 h
p.i. in HeLa cells infected with MVAluc or NYVACluc
(3 p.f.u. per cell; data not shown). As MVA and replication-
competent VACV exhibited different tropisms for primary
human cells (Chahroudi et al., 2005), the differences that
we observed between the two attenuated recombinants
might be related to the susceptibility of such cells to infec-
tion with MVA or NYVAC. Whilst the peritoneal exudates
had the highest level of luciferase activity after infection, it
remains to be defined whether the same cells present in the
peritoneal washout of an uninfected mouse are infected
in vivo. As similar levels of binding and infection have been
observed in murine splenic B cells exposed to replication-
competent VACV or MVA (Chahroudi et al., 2005), our
results may also reflect a biological mechanism that
distinguishes the post-binding infectious process or the
timing of early gene expression of MVA and NYVAC in
certain cell types. Further studies should be directed to the
identification of the cell types infected by the two
attenuated viruses in animals and humans.
The results described here and those described previously
on the biology of these two virus strains in cultured cells
(Najera et al., 2006), their impact on host genome profiling
in HeLa cells (Guerra et al., 2004, 2006) and head-to-head
comparisons of the immunogenicity of both vectors
expressing human immunodeficiency virus type 1 antigens
in mice (Gomez et al., 2007a, b) all suggest that MVA and
NYVAC have different behaviours in their ability to
replicate and impact on host immune responses. Hence,
they should be explored as poxvirus vector vaccines with
differential in vitro and in vivo characteristics.
Acknowledgements
This investigation was supported by research grants from the EU
(EuroVac QLRT-PL-1999-01321 and Vaccinia Vectors QLK2-CT-
2002-01867), the Spanish Ministry of Education and Science
BIO2004-03954, the Spanish Foundation for AIDS Research (FIPSE
36344/02) and Fundacio´n Marcelino Botı´n to M. E. J. L. N. was
supported by FIPSE. We thank Maria Victoria Jime´nez for expert
technical assistance.
References
Amara, R. R., Villinger, F., Altman, J. D., Lydy, S. L., O’Neil, S. P.,
Staprans, S. I., Montefiori, D. C., Xu, Y., Herndon, J. G. & other
authors (2001). Control of a mucosal challenge and prevention of
AIDS by a multiprotein DNA/MVA vaccine. Science 292, 69–74.
Antoine, G., Scheiflinger, F., Dorner, F. & Falkner, F. G. (1998). The
complete genomic sequence of the modified vaccinia Ankara strain:
comparison with other orthopoxviruses. Virology 244, 365–396.
Bonnet, M. C., Tartaglia, J., Verdier, F., Kourilsky, P., Lindberg, A.,
Klein, M. & Moingeon, P. (2000). Recombinant viruses as a tool for
therapeutic vaccination against human cancers. Immunol Lett 74,
11–25.
Chahroudi, A., Chavan, R., Kozyr, N., Waller, E. K., Silvestri, G. &
Feinberg, M. B. (2005). Vaccinia virus tropism for primary
hematolymphoid cells is determined by restricted expression of a
unique virus receptor. J Virol 79, 10397–10407.
Cox, W. I., Tartaglia, J. & Paoletti, E. (1993). Induction of cytotoxic T
lymphocytes by recombinant canarypox (ALVAC) and attenuated
vaccinia (NYVAC) viruses expressing the HIV-1 envelope glyco-
protein. Virology 195, 845–850.
Didierlaurent, A., Ramirez, J. C., Gherardi, M., Zimmerli, S. C., Graf,
M., Orbea, H. A., Pantaleo, G., Wagner, R., Esteban, M. & other
authors (2004). Attenuated poxviruses expressing a synthetic HIV
protein stimulate HLA-A2-restricted cytotoxic T-cell responses.
Vaccine 22, 3395–3403.
Doyle, T. C., Burns, S. M. & Contag, C. H. (2004). In vivo biolumin-
escence imaging for integrated studies of infection. Cell Microbiol 6,
303–317.
Edinger, M., Sweeney, T. J., Tucker, A. A., Olomu, A. B., Negrin, R. S.
& Contag, C. H. (1999). Noninvasive assessment of tumor cell
proliferation in animal models. Neoplasia 1, 303–310.
Gherardi, M. M., Najera, J. L., Perez-Jimenez, E., Guerra, S., Garcia-
Sastre, A. & Esteban, M. (2003). Prime-boost immunization
schedules based on influenza virus and vaccinia virus vectors
potentiate cellular immune responses against human immunodefi-
ciency virus Env protein systemically and in the genitorectal draining
lymph nodes. J Virol 77, 7048–7057.
Gomez, C. E., Abaitua, F., Rodriguez, D. & Esteban, M. (2004).
Efficient CD8+ T cell response to the HIV-env V3 loop epitope from
multiple virus isolates by a DNA prime/vaccinia virus boost (rWR
and rMVA strains) immunization regime and enhancement by the
cytokine IFN-c. Virus Res 105, 11–22.
Gomez, C. E., Najera, J. L., Jimenez, E. P., Jimenez, V., Wagner, R.,
Graf, M., Frachette, M. J., Liljestrom, P., Pantaleo, G. & Esteban, M.
(2007a). Head-to-head comparison on the immunogenicity of two
Distribution of MVA and NYVAC in vivo
http://vir.sgmjournals.org 2477
HIV/AIDS vaccine candidates based on the attenuated poxvirus
strains MVA and NYVAC co-expressing in a single locus the HIV-
1BX08 gp120 and HIV-1(IIIB) Gag-Pol-Nef proteins of clade B.
Vaccine 25, 2863–2885.
Gomez, C. E., Najera, J. L., Jimenez, V., Bieler, K., Wild, J., Kostic, L.,
Heidari, S., Chen, M., Frachette, M. J. & other authors (2007b).
Generation and immunogenicity of novel HIV/AIDS vaccine
candidates targeting HIV-1 Env/Gag-Pol-Nef antigens of clade C.
Vaccine 25, 1969–1992.
Guerra, S., Lopez-Fernandez, L. A., Conde, R., Pascual-Montano, A.,
Harshman, K. & Esteban, M. (2004). Microarray analysis reveals
characteristic changes of host cell gene expression in response to
attenuated modified vaccinia virus Ankara infection of human HeLa
cells. J Virol 78, 5820–5834.
Guerra, S., Lopez-Fernandez, L. A., Pascual-Montano, A., Najera,
J. L., Zaballos, A. & Esteban, M. (2006). Host response to the
attenuated poxvirus vector NYVAC: upregulation of apoptotic
genes and NF-kB-responsive genes in infected HeLa cells. J Virol
80, 985–998.
Hel, Z., Tsai, W. P., Thornton, A., Nacsa, J., Giuliani, L., Tryniszewska,
E., Poudyal, M., Venzon, D., Wang, X. & other authors (2001).
Potentiation of simian immunodeficiency virus (SIV)-specific CD4+
and CD8+ T cell responses by a DNA-SIV and NYVAC-SIV prime/
boost regimen. J Immunol 167, 7180–7191.
Mayr, A., Stickl, H., Muller, H. K., Danner, K. & Singer, H. (1978).
The smallpox vaccination strain MVA: marker, genetic structure,
experience gained with the parenteral vaccination and behavior in
organisms with a debilitated defence mechanism. Zentralbl Bakteriol
[B] 167, 375–390 (in German).
Najera, J. L., Gomez, C. E., Domingo-Gil, E., Gherardi, M. M. &
Esteban, M. (2006). Cellular and biochemical differences between two
attenuated poxvirus vaccine candidates (MVA and NYVAC) and role
of the C7L gene. J Virol 80, 6033–6047.
Ramirez, J. C., Gherardi, M. M. & Esteban, M. (2000). Biology of
attenuated modified vaccinia virus Ankara recombinant vector in
mice: virus fate and activation of B- and T-cell immune responses in
comparison with the Western Reserve strain and advantages as a
vaccine. J Virol 74, 923–933.
Ray, P., De, A., Min, J. J., Tsien, R. Y. & Gambhir, S. S. (2004). Imaging
tri-fusion multimodality reporter gene expression in living subjects.
Cancer Res 64, 1323–1330.
Rodriguez, J. F., Rodriguez, D., Rodriguez, J. R., McGowan, E. B. &
Esteban, M. (1988). Expression of the firefly luciferase gene in
vaccinia virus: a highly sensitive gene marker to follow virus
dissemination in tissues of infected animals. Proc Natl Acad Sci
U S A 85, 1667–1671.
Sadikot, R. T. & Blackwell, T. S. (2005). Bioluminescence imaging.
Proc Am Thorac Soc 2, 537–540.
Tartaglia, J., Cox, W. I., Taylor, J., Perkus, M., Riviere, M., Meignier, B.
& Paoletti, E. (1992a). Highly attenuated poxvirus vectors. AIDS Res
Hum Retroviruses 8, 1445–1447.
Tartaglia, J., Perkus, M. E., Taylor, J., Norton, E. K., Audonnet, J. C.,
Cox, W. I., Davis, S. W., van der Hoeven, J., Meignier, B. & other
authors (1992b). NYVAC: a highly attenuated strain of vaccinia virus.
Virology 188, 217–232.
Webster, D. P., Dunachie, S., Vuola, J. M., Berthoud, T., Keating, S.,
Laidlaw, S. M., McConkey, S. J., Poulton, I., Andrews, L. & other
authors (2005). Enhanced T cell-mediated protection against malaria
in human challenges by using the recombinant poxviruses FP9
and modified vaccinia virus Ankara. Proc Natl Acad Sci U S A 102,
4836–4841.
Zavala, F., Rodrigues, M., Rodriguez, D., Rodriguez, J. R.,
Nussenzweig, R. S. & Esteban, M. (2001). A striking property of
recombinant poxviruses: efficient inducers of in vivo expansion of
primed CD8+ T cells. Virology 280, 155–159.
C. E. Go´mez and others
2478 Journal of General Virology 88
 1 
Differential CD4+ versus CD8+ T-cell responses elicited by different Pox-
based HIV-1 vaccine candidates provide comparable efficacy in 
primates 
 
Petra Mooij1*,  Sunita S Balla-Jhagjhoorsingh1, Gerrit Koopman1, Niels Beenhakker1,  
Patricia van Haaften1, Ilona Baak1, Ivonne Nieuwenhuis1, Ivanela Kondova1, Ralf 
Wagner2 , Hans Wolf2, Carmen E Gómez3 , José L Nájera3, Victoria Jiménez3, Mariano 
Esteban3, and Jonathan L Heeney1,4. 
 
1Department of Virology, Biomedical Primate Research Center, 2288 GJ Rijswijk,  The 
Netherlands,  2Institut für Medizinische Mikrobiologie und Hygiene der Universität 
Regensburg,  39053, Germany, 3Department of Cell and Molecular Biology, Centro 
Nacional de Biotecnologia, CSIC, Madrid, 28049, Spain, and the 4University of 
Cambridge, Department of Veterinary Medicine, Cambridge, CB3 0ES, UK. 
 
* Corresponding author:  
Petra Mooij. Department of Virology, Biomedical Primate Research Centre (BPRC), P.O. 
Box 3306, 2280 GH Rijswijk, The Netherlands. Tel. +31 152842615. Fax. +31 
152842601. E-mail: mooij@bprc.nl 
 
Condensed title: Poxvirus vector immunity to HIV/AIDS 
Word count abstract: 207 
Character count text: 38,343 
 2 
Key words: poxvirus vectors, MVA, NYVAC, CD4, CD8, T-cell immunity, AIDS, 
polyfunctional, HIV-1, vaccination 
 
Abbreviations used in this paper: 
SEB  Staphylococcal enterotoxin-B 
APC Allophycocyanin 
PERCP Peridinin-chlorophyll-protein complex 
PE Phycoerythrine 
CY7 Cyanin 7 
ECD Energy Coupled Dye 
CFSE Carboxy-fluorescein diacetate succinimidyl ester 
Tcm T-central memory 
Tem T-effector memory 
CEF Chicken embryo fibroblasts 
 3 
Abstract  
Poxvirus vectors have proven to be highly effective for boosting immune responses in 
diverse vaccine settings. Recent reports reveal marked differences in gene expression of 
human dendritic cells infected with two leading Poxvirus-based Human 
Immunodeficiency Virus (HIV) vaccine candidates, New York Vaccinia virus (NYVAC) 
and modified vaccinia virus Ankara (MVA). To understand how complex genomic 
changes in these two vaccine vectors translate into antigen specific systemic immune 
responses we undertook a head to head vaccine immunogenicity and efficacy study in the 
pathogenic HIV-1 model of AIDS in Indian Rhesus macaques. Differences in the immune 
responses in outbred animals were not distinguished by ELISpot, but by multiparameter 
FACS analysis, revealing a difference in the number of animals responding with 
predominant CD8+ T-cell responses to vaccine inserts (MVA), to those which elicit a 
dominant CD4+ T-cell response (NYVAC). Remarkably, vector induced differences in 
CD4+/CD8+ T-cell immune responses persisted for more than a year post-challenge, and 
even accompanied antigenic modulation throughout control of chronic infection. 
Importantly, strong pre-exposure HIV-1/Simian Immunodeficiency Virus (SIV)-specific 
CD4+ T-cell responses did not prove deleterious with respect to accelerated disease 
progression. In contrast, in this setting strong vaccine induced polyfunctional CD4+ T-cell 
responses were capable of eliciting similar efficacy as those generating stronger CD8+ T-
cell responses. 
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Introduction  
The global spread of HIV has reached pandemic proportions (http://www.unaids.org). 
Despite more than two decades of research since the discovery of HIV as the etiology of 
AIDS, the development of an effective HIV-1 vaccine remains an unfulfilled priority.  
While it is generally accepted that ultimately a prophylactic HIV-1 vaccine should induce 
both humoral and cell-mediated immune responses to a number of different HIV antigens 
(1, 2), envelope-based immunogens capable of inducing broad neutralizing responses are 
currently not available (3-5). Recent vaccine approaches have focused on vaccines 
capable of inducing potent CD8+ T-cell responses to control virus load, to reduce 
transmission and to slow disease development (6, 7). Evidence for the role of T-cell 
responses in the control of HIV includes the correlation between HIV-specific CD8+ T-
cells and the control of plasma viremia (8, 9), the association of certain restricting MHC 
class I alleles, conserved T-cell epitopes and slow disease progression (10-16), and the 
rapid increase in viral load after experimental CD8+ lymphocyte depletion in SIV or 
SHIV infected rhesus macaques (17-19). Others have shown correlation with certain 
MHC alleles and control of SIV (20-23) or specific cellular immune correlates with 
prolonged survival in rhesus macaques (24). It has been demonstrated that vaccine 
induced CD8+ T-cell responses are capable of controlling SIVmac replication even in the 
absence of neutralizing antibodies (25), providing a strong rationale for the development 
of T-cell based vaccines.  Recently the quality of the HIV-specific CD8+ T-cells 
associated with the control of HIV-1 virus load in human long term nonprogessors has 
been described, revealing characteristics of a polyfunctional profile simultaneously 
producing IFN-γ, IL-2, TNF-α, MIP1-β and capable of degranulation (26).  In contrast, 
while anti-HIV CD8+ and CD4+ T-cell responses have been demonstrated to have a 
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positive effect on controlling virus load, HIV-1 specific CD4+ T-cell responses have also 
been implicated as possibly being deleterious. Indeed, the finding that HIV-1 
preferentially infects HIV-specific CD4+ T-cells has suggested a possible contra-
indication for the prophylactic induction of strong HIV-1 specific CD4+ T-cell responses 
(27, 28). 
Two of the leading Poxvirus-based vaccine vector candidates for the delivery of HIV 
antigens for induction of T-cell mediated immune responses include modified vaccinia 
virus Ankara (MVA), and New York vaccinia virus (NYVAC) vectors. Following the 
successful global eradication of smallpox in the 1970s attenuated vaccinia vectors have 
the advantage of the relative absence of pre-existing immunity to poxvirus in the large 
young human population at risk for HIV-1 infection. Historical development and use of 
MVA as vaccine against smallpox established an extraordinary safety profile. MVA is a 
highly attenuated virus through more than 500 in vitro passages in chicken embryo 
fibroblasts. During the course of attenuation, 15% of the parental viral genome was lost, 
having an impact on the function of genes involved in immune evasion and host range 
restrictions (29-33). Despite the limited replication in human and most mammalian cells, 
MVA has shown to efficiently express foreign recombinant genes (34). In animal models, 
MVA as a vaccine vector has been found to induce very immunogenic responses to its 
inserts when administered by systemic and mucosal routes as well as providing protection 
against various infectious agents including immunodeficiency viruses (for review see ref. 
(35-37)). The NYVAC vector is derived from the vaccinia virus strain Copenhagen 
(COP), from which 18 genes, encoding proteins involved in host range and virulence 
were deleted (38). NYVAC-derived vectors are able to express multiple antigens from a 
wide range of species (39) and have been used in several pre-clinical and clinical trials 
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(40-44). The complement of genes that have been altered, modified or lost are very 
different between these two vectors as has recently been revealed by gene profiling (45). 
Such dramatic differences in their ability to modulate host immune responses have been 
revealed in studies on human monocyte derived dendritic cells (mDC) infected with 
either MVA or NYVAC vectors (46).  Compared to normal mDC these vaccine vectors 
had a profound impact, upregulating 195 of the same genes, while differing in the 359 
genes that were specifically upregulated by MVA, and the 165 by NYVAC. At the 
mRNA level although IL-12β, IFN-β and TNF-α were upregulated by both vectors, they 
were increased to higher levels by MVA. Interestingly Type 1 IFN, IL-6 and TLR 
pathways were distinctly induced in mDC by MVA (46). In mice comparison of the 
immune responses revealed a greater magnitude of Ag responses to HIV-1 inserts 
expressed by MVA vs NYVAC (47). However distinct differences in polyfunctional T-
cell subsets have not been explored in either human or nonhuman primates.  
Despite the fact that both MVA and NYVAC have been evaluated in phase-I clinical 
trials, a direct head to head comparison in immunogenicity between these vectors is 
lacking. Indeed, possible comparisons have been hampered by the use of different 
vaccine antigen inserts, construct differences, differences in immunological readouts and 
the lack of quality controlled vaccine lots such as required by GMP. Here we have 
undertaken a detailed head to head comparison between MVA and NYVAC vectors 
expressing identical SIV/HIV-1 gene inserts. The study design utilized the DNA 
prime/pox-virus boost strategy (48-60). The immunization protocol was based on the 
same EuroVacc clinical trial design as recently completed in human volunteers. Vaccine 
constructs contained identical SIV/HIV-1 antigen inserts to allow a proper immunologic 
comparison of MVA and NYVAC based vectors. As HIV-1 Env was one of the 
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immunogenic components,  efficacy was subsequently evaluated in the SHIV model of 
AIDS in Rhesus macaques (Macaca mulatta of Indian origin).  
Here we reveal distinct differences in individual HIV-SIV-specific vaccine induced CD4+ 
and CD8+ T-cell responses in outbred primates. Similar to our findings in human 
volunteers (61), primates developed a dominant CD4+ T-cell response to NYVAC 
encoded antigens, while the exact same insert in MVA induced more CD8 T-cell oriented 
responses to the same HIV antigens. To determine the differences in vaccine efficacy and 
to explore the potentially deleterious impact on enhancement of antigen-specific CD4+ T-
cell infection on disease progression, all animals were exposed to pathogenic SHIV and 
followed for evidence of protection from disease development. 
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Results 
Similarities in the magnitude of antigen specific IFN-γ , IL-2 and IL-4 ELISpot 
responses. 
DNA priming of viral vectors expressing common antigen inserts is currently the leading 
vaccine strategy for T-cell based vaccines in clinical trials, while the IFN-γ ELISpot is 
the most frequently used immunological endpoint. To investigate possible differences in 
modulation of antigen specific cytokine responses by the genetically distinct MVA and 
NYVAC vectors, we included IL-2 and IL-4 ELISpot assays to detect peptide specific 
responses to each of the four vaccine encoded antigens, Gag, Pol, Nef and Env. Priming 
with DNA induced low level Env specific, IFN-γ and IL-2 responses, (Fig. 1 top left 
panels, and data not shown). Env specific IFN-γ and IL-2 responses were relatively stable 
and did not decline prior to pox-vector boost immunizations. Certain animals also 
developed an Env specific IL-4 response upon DNA immunization, but overall these 
responses were lower as compared to IFN-γ and IL-2 responses (Fig. 1 right panels, 
p<0.0001). As anticipated, antigen specific responses were further increased after 
boosting with either type of pox vector, increasing IFN-γ, IL-2 (not shown) and IL-4 
responses to all vaccine antigens (Fig. 1). The second poxvirus immunization resulted in 
an additional increase of the antigen specific Env responses (from 560 to 1171 mean 
SFC/106 PBMC, p<0.035 for MVA and from 446 to 1074 mean SFC/106 PBMC, p<0.004 
for NYVAC) and Gag specific IFN-γ responses  (from 101 to 331 mean SFC/106 PBMC, 
p<0.045 for MVA,  wk 22 vs wk 26, Wilcoxon’s). Also here the greatest magnitude of 
responses were observed to SHIV Env which scored consistently positive in ELISpot 
assays during follow-up. This observation was entirely consistent with our findings in the 
human clinical trial (61). 
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While MVA and NYVAC pox vectors gave highly comparable ELISpot responses based 
on the magnitude and antigen specificity of responses, there were occasional exceptions. 
These included higher IFN-γ responses induced by MVA to Env at week 30 (826 vs 329 
mean SFC/106 PBMC, p<0.027) and to Gag at week 26 (331 vs 61 mean SFC/106 PBMC, 
p<0.011) as compared to the NYVAC group. Statistically significant differences were not 
observed between the MVA and NYVAC induced antigen specific IL-2 and IL-4 
responses. 
 
Qualitative differences between pox-vector vaccine candidates reveal preferential 
CD8+ versus CD4+ T-cell responses 
Multiparameter intracellular FACS analysis was employed to determine the phenotypic 
characteristics of the cytokine producing T-cell populations (Fig. 2 A). Following 
Poxvirus vector immunizations and prior to exposure to virus, Env specific cytokine 
producing T-cells were dominant in animals of both MVA and NYVAC groups (Fig. 2 A 
and B), confirming the ELISpot data.  Most frequent cytokine producing cells were CD4+ 
T-cells (Fig. 2 A and 2 B) (of effector memory, EM, CD45RA-/CCR7- and central 
memory, CM, CD45RA-/CCR7+ phenotype, Fig. S1) in both groups. However, in 
addition to CD4+ T-cell mediated responses, five out of seven MVA boosted animals also 
developed Env specific cytokine responses mediated by CD8+ T-cells (Fig. 2 B, right 
panel) which were significantly higher than in NYVAC boosted animals (p = 0.035, Fig. 
2 B). From those animals that showed a strong Env-specific CD8+ T-cell response, 
memory phenotyping was performed, revealing an effector phenotype 
(CD8+/CD45RA+/CCR7-, Fig. S1). Further analysis of the antigen specific T-cells 
revealed that the CD4+ and CD8+ T-cells of the majority of the immunized animals 
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produced either IFN-γ or IFN-γ and IL-2 simultaneously (Fig. 2 A and C). The frequency 
of IFN-γ producing CD8+ T-cells was higher in MVA boosted animals than in NYVAC 
boosted animals  (p = 0.0187, Fig. 2 C).  
To further corroborate polyfunctionality based on FACS based assays, the proliferative 
capacity of  both CD4+ and CD8+ T-cell populations was studied in all animals of both 
immunization groups (Fig. 3 A and B). As revealed in figure 3B, proliferation was mainly 
Env specific, consistent with ELISpot and ICS data. In MVA boosted animals, the Env 
specific proliferation was mediated by both CD4+ as well as CD8+ T-cells (Fig. 3 A and 
B), while in NYVAC boosted animals the Env-specific proliferation was preferentially 
mediated by CD4+ T-cells (p = 0.0054 CD4 vs CD8 Env proliferation). Furthermore, 
Gag-specific proliferating CD4+ T-cells were detected in NYVAC immunized animals 
but not in MVA animals (p = 0.0074, Fig. 3 B). In MVA boosted animals, the Gag 
specific proliferating T-cell were CD8+ (Fig. 3 B, right panel). Notably, the frequency of 
the antigen-specific CD8+ T-cells in MVA boosted animals tended to be higher than in 
the NYVAC boosted animals, but did not reach statistical significance. 
To investigate possible differences of preferential induction of T-cells by the different 
poxvirus vaccine vectors, the relative contribution of CD4+ and CD8+ T-cells to the total 
response was determined in those animals that showed an antigen specific cytokine 
and/or proliferative response. Antigen specific cytokine responses were predominantly 
mediated by CD4+ T-cells in both groups (Fig. 4 A). Importantly, while NYVAC 
immunization resulted in antigen specific cytokine responses that were mediated almost 
exclusively by CD4+ T-cells (mean +/- SD: 92.7% +/- 12.7, p = 0.0003 CD4 vs CD8), the 
cytokine responses induced by MVA immunization were mediated by only 75% by CD4+ 
T-cells (75% +/- 16.3) and 25% by CD8+ T-cells, (p = 0.042 MVA vs NYVAC, Fig. 4 
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A). In five out of seven NYVAC boosted animals the response was mediated for 100% 
by CD4+ T-cells, while this was only observed in one out of six MVA boosted 
responders. In this respect the proliferative responses corroborated the antigen specific 
cytokine responses. A higher proportion of the antigen specific proliferation was 
mediated by CD4+ T-cells following NYVAC immunization (68.6% +/- 22.2) than after 
MVA boost (40.2% +/- 22.7, p = 0.0227, Fig. 4 B). Overall NYVAC boost induced a 
predominantly CD4+ T-cell mediated proliferative response (CD4 68.6% vs CD8 31.4%, 
p = 0.0048), while MVA induced both CD4+ T-cell antigen specific proliferation as well 
as CD8+ T-cell mediated proliferative responses (CD4 40.2% vs CD8 59.8%, p = 0.0821, 
Fig. 4 B).  
 
Gene array analysis supports differential pox-vaccine induced CD4+/CD8+ T-cell 
responses. 
Differential modulation of host gene expression likely explains the differences between 
MVA and NYVAC strains in vitro and in vivo systems (46, 62, 63). Considerable 
evidence has accumulated to indicate that CD8+ T-cells, in addition to antigen and 
costimulation, require ‘third signal’ cytokines, which support strong clonal expansion, 
development of effector functions, or establishment of a long-lived responsive memory 
population (64, 65). Such ‘third signals’ can be provided by either IL-12 and/or type I 
IFN (IFNα/β)  produced by mature DC. Their activation is mediated through activation 
of a signalling pathway(s) distinct from those activated by the TCR and CD28. Re-
analysis of gene profiling data from human dendritic cells activated by MVA or NYVAC 
infection (table 1) revealed a highly marked upregulation in MVA infected cells at the 
mRNA level of IL-12, IFN-α and IFN-β, as well as interferon regulatory factor (IRF-7) 
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and protein implicated in the Type I IFN production (MDA5, RIG). Consequently, many 
interferon stimulated genes (ISGs) were also differentially upregulated in MVA infected 
DC (IFIT1 (ISG56), IFIT4 (ISDG60), SCYB10 (CXCR3 ligand chemokine chiefly active 
on effector Th1 cells). Moreover, the differentiation  programme initiated in common by 
IL-12 and IFNα/β regulate numerous genes involved in several functions. Among them, 
genes relevant for effector cell regulation of gene expression such as GADD45B (66) and 
the transcription factor NFAT5 (67), genes involved in signal transduction (MAP2K5) 
and cell cycle regulation (Cyclin B1) (65), and members of the TNF family (68), are 
consistently upregulated in MVA. Interestingly, genes encoding for pro-inflammatory 
cytokines as TNF and IL-6, and for CC-chemokines as SCYA3, SCYA4 or SCYA5 
(RANTES), which are involved in the modulation of the immune response, are 
differentially expressed between MVA and NYVAC. These profiling data support the 
preferential stimulation of CD8 T-cells by MVA. In the case of NYVAC, it is significant 
that all of the above CD8+ T-cell stimulatory genes are markedly reduced after virus 
infection of DCs, further supporting differential CD8 versus CD4 behaviour between two 
vaccine vector strains in vivo. Moreover, in a recent study evaluating in mice the 
biodistribution of MVA and NYVAC recombinant viruses expressing the luciferase gene, 
it was observed that the reporter signal was more sustained in animals infected with 
NYVAC than with MVA (62). The longer viral gene expression may possibly influence 
the T-cell response. In contrast to CD8 T-cells in which relatively short antigen pulse 
seems sufficient for APC to drive clonal expansion and differentiation, for CD4+ T-cells 
antigen persistence is required throughout their expansion phase (69). 
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CD4+ dominant versus CD8+ predominant responses and vaccine efficacy against 
pathogenic challenge  
Given the differences on the impact of these two Poxvirus vaccine vectors on gene 
expression profiles in mDC, and their differences in CD4+ dominant (NYVAC) and a 
more CD8+ predominant T-cell response (MVA induced both CD8+ and CD4+ T-cell 
responses) we set out to determine if these characteristic differences impacted on 
immunity when exposed to pathogenic SHIV89.6p infection. This challenge was selected 
because of the HIV-1 Envelope antigen to which both vaccine strategies had marked T-
cell responses. Furthermore, the dominant HIV vaccine antigen specific CD4+ T-cell 
responses to this antigen induced by one of the vaccine candidates allowed us to 
determine if there may be a detrimental effect in terms for greater propensity for 
accelerated disease progression due to preferential infection and loss of HIV Ag specific 
CD4+ T-cells (28). 
Prior to challenge, neutralization assays to pseudotyped or wild type challenge virus as 
well as to parental HIV-1 strains revealed that these T-cell-based vaccine strategies had 
not induced sufficient neutralizing antibody responses (Fig. S2) to protect these animals 
from infection. Peak virus loads at two weeks post challenge ranged from 4.1x103 – 
2.5x106 RNA copies/ml and were similar in all groups (Fig. 5, top). Virus load in 5 
control animals remained high and persisted in four of these five animals above 105 RNA 
copies/ml followed by ensuing AIDS like disease. Upon necropsy, histology confirmed 
the diagnosis of AIDS, hallmarked by lymphoid depletion in the peripheral and 
mesenteric lymph nodes, spleen (animals R99013 and R99041), GALT (R99041) and 
tonsils (R00001 and R99013). Interestingly, one out of six control animals (R00045) was 
a “natural” controller (similar to certain human long term non progressors), and was able 
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to reduce virus load below detectable levels by 10 weeks post challenge (Fig. 5, upper 
right).  
In the CD8+ MVA immunized group, five out of seven animals were able to reduce virus 
load below 103 RNA copies/ml (Fig. 5, top left). One animal (97027) controlled virus 
load below 104 RNA copies/ml, while only one animal (98051) in this group failed to 
control virus load (evidence for vaccine escape in this animal is being sought). 
Histological examination of lymphoid tissues upon necropsy (at the end of the study 
period, 66 weeks post challenge) of this animal revealed mild lymphoid depletion of 
GALT, indicative for immunodeficiency and consistent with its high virus load and 
corresponding low peripheral CD4+ T-cell counts.  All other study animals remained 
healthy during the study period. 
In the CD4+ dominant NYVAC immunized group, six out of seven animals reduced virus 
load below 103 RNA copies/ml (Fig. 5 top middle). Only one animal (94062) was unable 
to reduce virus load, but remained healthy during the study. Histological examination of 
lymphoid tissue after necropsy of all DNA/NYVAC immunized animals revealed no 
lesions attributable to AIDS defining illness. Absolute CD4+ T-cell loss inversely 
correlated with virus load after challenge (Fig. 5 middle row). In four of five control 
animals with high virus load a progressive loss of  CD4+ T-cells occurred. 
In both immunized groups (n=14), only 2 animals which were unable to control virus 
load below 104 RNA copies/ml, and developed evidence of CD4+ T-cell loss (98051 in 
the DNA/MVA group and 94062 in the DNA/NYVAC group, Fig. 5). In all other 
immunized animals, CD4+ T-cells did not decline and remained within the normal range.  
A more sensitive indicator of subtle changes within the CD4 T-cell population is the loss 
of CD4+ central memory T-cell subset (Tcm CD4+/CCR7+/CD45RA-) (70). A gradual 
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decline of CD4+ Tcm was observed in the two control animals that did not develop a 
progressive loss of absolute CD4+ T-cell numbers and survived throughout the study 
period. The most dramatic decline was observed in the animal with high virus load (9068, 
Fig. 5 right bottom), while animal R00045 that was able to reduce virus load to 
undetectable levels, maintained its CD4+ Tcm population at a level above 25%. Because 
of the very low frequency of CD4+ T-cells that developed in the other control animals, an 
accurate loss of CD4+ Tcm cells could not be determined. In the immunized animals from 
both groups, the CD4+ Tcm population remained relatively stable up until 30 weeks after 
infection (Fig. 5). Thereafter a subtle but gradual decline of the CD4+ Tcm population 
was observed. In the majority of immunized animals the CD4+ Tcm population remained 
above 25% of total CD4+ T-cells. In the one immunized animal that developed a CD4 
decline over time (98051, DNA/MVA group), a dramatic drop in % CD4+ Tcm was 
observed. 
In summary, both immunization strategies resulted in the preservation of absolute CD4+ 
T-cell levels, reduced virus load, and prolonged survival (Fig. 6). 
 
Changes in antigen specific responses following infection 
To further elucidate immune responses associated with protection from disease in the 
immunized groups, antigen specific cellular immune responses were further studied post-
challenge. Surprisingly, anamnestic T-cell responses were not observed directly after 
challenge. This may have been due to an initial decline of antigen-specific IFN-γ, IL-2 
and IL-4 responses in both vaccine groups (data not shown). During the acute phase of 
plasma viremia IL-2 and IL-4 responses became briefly undetectable in the majority of 
animals after challenge. In contrast to the control animals, in vaccinated animals HIV-1 
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Env, SIV Gag and SIV Nef specific IFN-γ responses reappeared as detected 22 weeks 
after challenge (Fig. 7, left) and subsequently persisted. In contrast, by week 41 post 
challenge antigen-specific IFN-γ responses were lost in all but one of the control animals 
while in the majority of the immunized animals these responses were maintained  (Fig. 7, 
right).  
At the time of euthanasia (66 weeks post challenge for immunized animals and earlier for  
symptomatic control animals) antigen-specific cytokine induction was monitored 
intracellularly by polychromatic FACS analysis (ICS). 
 
Vaccine induced preservation of T-cell responses 
In the majority of control animals, cytokine production was not detected upon antigen 
stimulation in either CD4+ nor in CD8+ T-cell subsets (Fig. 8 A). However in the 
immunized animals, HIV-1 Env- and SIV Gag-specific cytokine responses were 
observed. In contrast to the pre-challenge ICS data, post-infection responses were 
primarily directed against SIV Gag and to a lesser extent against HIV-1 Env. The Gag 
specific CD4+ T-cells were of the effector memory (CD45RA-/CCR7-) and central 
memory phenotype (CD45RA-/CCR7+), while the CD8+ T-cells were of the effector 
phenotype (CD45RA+/CCR7-, Fig. S1). Similar to the situation prior to challenge, CD8 
responses were higher in the MVA boosted animals (p = 0.0148 for SIV Gag). In the 
NYVAC boosted animals, the frequency of Env specific CD4+ T-cells was in general 
higher than in MVA boosted animals (Fig. 8 A), but did not reach statistical significance 
(p = 0.062). The most predominant cytokine produced was IFN-γ, with a small 
contribution of IFN-γ and IL-2 double positive cells (Fig. 8 B).  
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At the time of euthanasia, Env and Gag-specific proliferating CD4+ T-cells could not be 
found in the control animals, except one LTNP animal that reduced virus load below 
detectable levels (R00045, Fig. 8 C). In contrast  to controls, detectable levels of Env and 
Gag-specific proliferating CD4+ T-cells were observed in immunized animals. Although 
low, the frequency of Gag-specific CD4+ proliferating T-cells was significantly higher in 
NYVAC boosted animals than in MVA boosted animals (p = 0.0416). In addition modest 
Env and Gag-specific proliferation mediated by CD8+ T-cells was observed (Fig. 8 C 
right panel). The frequency of antigen specific proliferating CD8+ T-cells was higher in 
immunized animals as compared to controls (only animals controlling virus load R00045 
and 9068 showed antigen specific proliferating CD8+ T-cells), and were comparable in 
both vaccine groups. 
We set out to investigate whether differences of preferential induction of T-cells by the 
two poxvirus vaccine vectors induced before challenge, would change after infection. The 
relative contribution of CD4+ and CD8+ T-cells to the total response was determined in 
those animals that showed an antigen specific cytokine and/or proliferative responses. In 
the DNA/MVA immunized animals the antigen specific cytokine responses were 
mediated by (74% of the total response) CD8+ T-cells (p = 0.0356 CD4 vs CD8). This 
remained much higher as compared to the NYVAC boosted animals (p = 0.0072 MVA vs 
NYVAC, Fig. 9 A), which elicited a predominant CD4+ T-cell response (p<0.0001, CD4 
vs CD8), of which 80% of the total response was contributed by CD4+ T-cells (Fig. 9 A). 
This preferential induction of CD8+ T-cells by MVA and of CD4+ T-cells by NYVAC is 
similar to the data obtained before challenge, although the response switched from an 
Env predominant response before to a Gag predominant response following challenge. 
The relative contribution of CD4+ T-cells to the total proliferative response was low in 
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both groups (Fig. 9 B), possibly as a reflection of a degree of functional loss following 
SHIV infection of the CD4+ T-cell population. 
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Discussion 
This study evaluated head to head the immunogenicity and efficacy of two DNA prime- 
poxvirus boost HIV-1 vaccine candidates in the Indian rhesus macaque model of AIDS.  
The two novel attenuated poxvirus vectors MVA and NYVAC were engineered to 
express the identical inserts consisting of HIV-1 and SIV genes, codon optimized for 
increased antigen expression and designed to express the gp120 of SHIV89.6p as a cell 
release product, while the Gag/Pol/Nef of SIVmac239 remained as an intracellular 
polyprotein. The Gag/Pol/Nef polygene was constructed by the removal of regions 
involved in immunosuppression (such as MHC-I downregulation motifs of Nef) and 
assembly (to prevent VLP formation) (47, 71). Our results demonstrated that both Pox-
vector boosts were highly immunogenic, significantly boosting cellular immune 
responses to the HIV-1 and SIV inserts. The magnitude of the responses increased, and 
broadened as IFN-γ, IL-2 and IL-4 responses to all antigens were detected. This 
observation was consistent with earlier findings where a broadening of the DNA primed 
immune response to other (subdominant) epitopes by poxvirus boosting was reported (53, 
72). The Env-specific vaccine responses prior to challenge were relatively 
immunodominant and mediated mainly by CD4+ T-cells. This is attributable to the 
vaccine construct, designed such that the Env protein would be secreted, likely favoring 
CD4+ T-cell responses (73). The cause of the relative immunodominance of Env remains 
speculative and is most probably not related to the level of antigen expression at the 
cellular level. Western blot analysis of MVA and NYVAC infected CFE cells showed 
similar levels of expression of both Env protein and of the polyprotein Gag/Pol/Nef (see 
supplemental data online). However, when the immunogenicity of these vaccine vectors 
was evaluated in HLA-A2 class I transgenic mice a similar Env immunodominant 
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response was observed (47). Factors such as MHC binding affinity, efficiency of epitope 
processing and competition between T-cells for access to APCs could possibly contribute 
to the observed immunodominant response (71, 74, 75). 
Antigen-specific cytokine production by total PBMC as measured by ELISpot assay was 
similar in both vaccine groups. However, phenotypic analysis by ICS and in CFSE 
proliferation assays revealed clear differences between the two poxvirus vaccine vectors. 
The Env-specific CD8-mediated cytokine production (IFN-γ and/or IL-2) was higher in 
MVA boosted animals, while Gag-specific CD4-mediated proliferation was greater in 
NYVAC boosted animals. The MVA vaccine vector thus tended to induce CD8+ T-cell 
responses in addition to CD4, while the NYVAC vector boosted CD4+ T-cell mediated 
responses to a greater level than MVA. These differences were likely influenced by the 
different immune modulatory effects that these poxvirus vectors have on their host cells. 
Human gene profiling analysis of MVA infected Hela cells has revealed an upregulation 
of immunomodulatory genes such as IL-1a, IL-6, IL-7, IL-8 and IL-15 (76), which could 
create a pro-inflammatory microenvironment allowing expansion of CD8+ T-cell 
populations. Maintenance of specific CD8+ memory T-cells could contribute to MVA-
induced expression of cytokines such as IL-15 (77). While it has been described that 
NYVAC induces much more cell apoptosis (45, 63). Uptake of apoptotic cells by antigen 
presenting cells may result in vaccine antigens being processed through the endocytosis 
pathway facilitating presentation by MHC class-II molecules, thus favoring CD4+ T-cell 
mediated immune responses (78).  Alternatively, cross-presentation and stimulation of 
CD8+ T-cell responses cannot be ruled out (79, 80), and both phenomena likely contribute 
to the cumulative antigen specific T-cell response. In addition to the relatively dominant 
CD4+ T-cell mediated immune responses, low but consistent CD8+ T-cell responses 
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(proliferation) were observed. The preferential induction of HIV-specific CD4+ T-cells by 
the NYVAC vector did not result in a greater propensity for accelerated disease 
progression due to preferential infection and loss of HIV Ag specific CD4+ T-cells (28), 
since both poxvirus vaccines induced similar protection from disease progression. 
Importantly, antigen-specific T-cells induced by both NYVAC and MVA vectors were 
polyfunctional in that they were able to express both IFN-γ and IL-2 simultaneously, 
showed proliferative capacity and were of effector memory (CD45RA-/CCR7-) and 
central memory (CD45RA-/CCR7+) phenotype before challenge; and of effector 
(CD8+/CD45RA+/CCR7-) and memory (CD4+/CD45RA-/CCR7+/-) phenotype after 
challenge. The induction of polyfunctional T-cells by vaccinia virus immunization 
confirms earlier findings by others (81), but we have not investigated whether these were 
of the unusual phenotype (CD45RO-CD27intermediate). The presence of “polyfunctional 
phenotypes” have been shown to correlate with a “long term non-progressor” status in 
rhesus macaques (82) and HIV infected individuals (26, 83, 84) and to correlate with a 
beneficial control of virus load (19, 85, 86). An effective AIDS vaccine should induce 
such T-cells in order to effectively eradicate HIV infected cells. Besides the induction of 
polyfunctional T-cells, both vaccine vectors induced low levels of neutralizing antibodies 
to the challenge virus, but higher titres to relevant pseudoviruses. This is likely due to the 
increased inherent neutralization sensitivity of single sequence, replication incompetent 
pseudoviruses (87). Vaccine induced T-cell and humoral immune responses were not 
sufficient to protect animals from SHIV89.6p infection. However, immunized animals 
which became infected, were protected from disease progression for more than a year (66 
weeks), while four out of six control animals developed histological evidence of AIDS 
like disease before the end of the study period. As memory CD4+ T-cells are critical for 
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maintaining immune competence while serving as the primary target of HIV infection, it 
is of the utmost importance to prevent infection and destruction of these cells. The 
majority of immunized animals controlled virus load and CD4+ T-cells at pre-infection 
levels, as well as the CD4+ Tcm population.  
The Env dominant response observed prior to infection gradually shifted towards a Gag 
dominant response following infection. The vaccine induced Env-specific responses were 
mediated mainly by CD4+ T-cells, which are the targets for SHIV infection. Since all 
vaccinated animals became infected, the function and the number of these Env-specific 
CD4+ T-cells might have been transiently affected by the virus infection (88, 89), even 
though no clear CD4+ T-cell decline was observed. The post challenge induction of Gag-
as well as Nef responses represent an anamnestic response preferentially observed in  
immunized animals. This underscores that, despite the relative immunodominance of 
Env, the immunization against the other vaccine antigens has been beneficial.  
The preferential induction of antigen-specific CD8+ responses by MVA and CD4+ T-cell 
responses by NYVAC, reiterates post-immunization pre-challenge observations, but 
surprisingly directed against different antigens.  It is therefore likely that this is not due to 
imprinting per se, but possibly due to the induction of a particular cytokine environment 
by the respective vaccine vectors (45, 63, 76) such that they favored preferential 
induction of either CD8+ or CD4+ T-cell responses. 
Although immunization did not protect against SHIV infection, it did reduce viral load, 
prolonged survival and maintenance of CD4+ T (cm) cells. However, the relative loss of 
Env-specific responses, the reduced CD4 responses, reduced IL-2 production (ELISpot as 
well as ICS) and reduced proliferative capacity after challenge would indicate an 
insidious loss of T-cell function, which may eventually have an effect on long term 
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survival. While both vaccine candidates induced similar efficacy, it was apparently 
exerted through different mechanisms themselves, which may have implications for the 
long term management of the infection and future refinements in HIV vaccine design. 
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Materials and Methods 
 
Vaccines 
DNA immunogens HIV-1 Env and SIV Gag/Pol/Nef  
SIVmac239 pcDNA-GagPolNef and SHIV89.6P pcDNA- Env (KB9 molecular clone (90)) 
constructs were made and provided by Dr. R. Wagner (Regensburg, Germany). Similar 
techniques were used for construction of synthetic polygenes as have been used for 
preparing the pcDNA-GagPolNef of HIV-1IIIB (91) and pcDNA-Env of a Chinese clade C 
HIV-1 strain CN54 (92) described elsewhere (47). For detailed description see 
supplemental data online. Upscaling was performed by Cobra Biomanufacturing Plc, 
Keele, Staffordshire, UK. 
 
Generation of vaccine vectors 
The NYVAC (38) and MVA vectors expressing SIVmac239 gagpolnef and SHIV89.6p env 
were constructed similarly as described elsewhere (47, 71). For detailed description and 
DNA sequence of the inserted genes see supplemental data online. 
 
Study design 
The study comprised of 3 groups of 7 animals each and 2 naïve infection control animals 
(outbred rhesus macaques (Macaca mulatta) of Indian origin). At weeks 0 and 4, two 
groups of 7 animals each were immunized (‘primed”) with DNA. Prior to administration, 
the DNA constructs pcDNA-GagPolNef SIVmac239 pcDNA-Env89.6P were mixed together. 
Two mg of each construct (4 mg total) was administered intramuscularly (i.m.) in the 
upper leg. One group of 7 control animals received “empty” DNA vectors. At weeks 20 
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and 24, one group of seven animals was immunized (‘boosted’) with NYVAC containing 
SIVmac239-gagpolnef and SHIV89.6p env genes (5x108 pfu/500µl i.m. in the right upper arm), 
while another group of 7 animals was boosted with MVA containing the same genes 
(5x108 pfu/500µl i.m). Seven control animals were “boosted” with empty NYVAC 
vectors (5x108 pfu/500µl i.m. in the right upper arm). 
Eight weeks after the final immunization all animals were challenged with 50-100 MID50 
of the pathogenic virus strain SHIV89.6p (90, 93-95) generously provided by N. Letvin 
(Beth Israel Hospital, Boston, USA), through the intravenous route (1ml of a 1:1000 
dilution of the virus stock, containing 3.2x104  TCID50/ml (1x108 RNA eq/ml) and 
approximately 5x104 MID50/ml). The study protocol and experimental procedures were 
approved by the institute’s animal ethical care and use committee and were performed in 
accordance with Dutch law and International ethical and scientific standards and 
guidelines. 
 
Enumeration of peptide specific T-cell responses by IFN-γ , IL-2 or IL-4 ELISpot 
assays 
Quantification of antigen specific cytokine secreting cells was performed on freshly 
isolated PBMC by IFN-γ, IL-2 and IL-4 enzyme-linked immunospot (ELISpot) assays, 
according to the manufacturer’s instructions (U-Cytech, Utrecht, The Netherlands). 
Positive control was SEB 1µg/ml, negative control was medium alone. Antigen specific 
responses were measured against 5 µg/ml peptide pools: 15-mers with 11 aa overlap 
spanning the entire Gagpolnef polyprotein (Synpep Corporation, Dublin, CA, USA, 
provided by EuroVacc consortium), and 20-mers overlapping by 10 aa spanning the Env 
gp120 of SHIV89.6p (NIH AIDS Research & Reference Reagent Program, Rockville, 
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USA). Peptide pools were made as follows: Gag1 54 peptides (SIVg1-SIVg213), Gag2 
54 peptides (SIVg217-SIVgp429), Pol1 60 peptides (SIVgp433-SIVp669), Pol2 60 
peptides (SIVp673-SIVpn689, SIVnp941-SIVp1157), Pol3 59 peptides (SIVp1161-
SIVp1393), Nef 62 peptides (SIVpn693-SIVnp937), Env 49 peptides (4702-4749). 
Results are expressed as the mean number of spot forming cells (SFC) per 106 PBMC 
from triplicate assays minus background values (mean number of SFC plus 2xSD of 
triplicate assays with medium alone). Mean spots of each animal (dots) are expressed per 
antigen (responses to 2 Gag pools and 3 Pol pools were combined). 
 
Phenotyping of T-cell responses by intracellular cytokine analysis 
The phenotype of responding T-cells was analyzed by ICS assay and FACS analysis as 
described elsewhere (96) with minor modifications. PBMC were O/N incubated, in the 
presence of the costimulatory molecules CD28 and CD49d (2µg/ml each), with medium 
alone (negative control), 1µg/ml SEB (positive control) or stimulated with 1µg/ml of the 
same peptide pools as used in the ELISpot assay as described above. Cells were stained 
with directly conjugated antibodies (Becton Dickinson (BD), Biosciences, CA, USA) to 
CD3 (PerCP-labeled), CD4 (PE-CY7 labeled), CD8 (APC-CY7 labeled), and to CD14 
and CD20 (ECD labeled, Beckman Coulter, Marseille, France) for exclusion of 
monocytes and B-cells. Memory phenotyping was possible by staining with antibodies to 
CCR7 (FITC labeled, R&D systems, Minneapolis, MN, USA) and CD45RA (custom 
biotin labeled by BD, followed by streptavidin Pacific Orange, Molecular Probes, Leiden, 
The Netherlands). The cells were fixed and permeabilised with Cytofix/Cytoperm buffer 
(BD) and stained intracellularly with IFN-γ (APC-labeled) and IL-2 (PE-labeled) in 
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Perm/wash solution (BD). 100,000 – 200,000 events were acquired on the FACS Aria 
(Becton Dickinson, CA, USA) and FACS Diva Software was used for analysis.  
 
Antigen specific proliferation 
Proliferative capacity upon antigen stimulation of PBMC was investigated using the 
CFSE proliferation assay as described elsewhere (97, 98).  Cells were stimulated with 
either medium alone, gag peptide pool, env peptide pool (both at 4µg/peptide/ml), or 
ConA (5 µg/ml). Cells were incubated for 6 days at 37oC and 5% CO2. Cells were stained 
for viability with the ‘Live/Dead fixable violet dead cell’ dye (Mol. Probes, L34955). 
After Live/Dead staining cells were stained with the following antibodies: CD3APC, 
CD4PerCPCy5.5, CD8APCCy7, CD45RAbiotin (all BD Biosciences), CD14ECD and CD20ECD 
(Beckman Coulter). Cells were fixed overnight in 2% paraformaldehyde at 4oC and cells 
were acquired on a FACSAria (BD).  
 
Gene array analysis 
Human monocyte derived dendritic cells (MDDC) were infected with MVA or NYVAC 
and incubated for 6 hours. Cells were collected and processed for RNA extraction.  
Detailed description of gene array analysis has been described elsewhere (46). 
 
 
Virus neutralization assay 
The neutralizing activity of the sera from immunized and infected rhesus macaques was 
tested on the challenge virus strain SHIV89.6P and the HIV-189.6 virus (NIH AIDS Research 
and Reference Reagent Program, cat no 1966, gen bank U39362) (93), or the 
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pseudoviruses SHIV89.6 Sodroski and SHIV89.6P KB9 using the envelope of SHIV89.6 (NIH 
AIDS Research and Reference Reagent Program, cat no 4131) or SHIVKB9 (NIH AIDS 
Research and Reference Reagent Program, cat no 4129) (90). Virus stocks were prepared 
on human PBMCs and pseudovirus stocks were prepared on 293 T cells. For the 
neutralization assay 50 TCID50 of the virus stock were incubated with serum samples 
(final dilution 1/15) from the animals in duplicate for 1 h at 37 °C in a total volume of 
150 µl Dulbecco medium with 10% FCS in 96 well flat bottom culture plates. Freshly 
trypsinized TZM-bl cells (10,000 cells in 100 µl medium containing 37.5 µg/ml DEAE-
dextran) were added to each well. Control wells received cells plus virus (virus control), 
or cells only (background control) (99). After 48 h culture, supernatant was removed and 
150 µl lysis buffer (PBS 1% Triton 1mM CaCl2 and 1mM MgCL2) was added and 
incubated for 45 minutes at 4 °C. 100 µl of cell lysate was transferred to 96 well 
black/white solid plates for measurement of luminescence using a Victor 3 light 
luminometer. 100 µl of Britelite reagent (Perkin Elmer) was added. The amount of 
luminescence measured before immunization (groups 1 and 2) or before challenge (group 
3) was set as 100% infected cells, which means 0% neutralization.  
 
 
Determination of plasma virus load and detection of proviral DNA 
Plasma virus load was determined with quantitative competitive RNA RT-PCR using 
plasma from EDTA treated blood samples (100). The lower detection limit was 40 RNA 
equivalents/ml.  
 
T lymphocyte subset analysis 
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Quantitative changes in PBMC subsets after challenge were monitored by FACS analysis 
as previously described (101). The following mAbs combinations were used: a) CD20FITC, 
CD16PE, HLA-DRPerCP, CD3APC, CD4PE-CY7, CD8APC-CY7, b) CCR7FITC, CD62LPE, 
CD45RABiotin, CD3APC, CD4PE-CY7, CD8APC-CY7. MAb were obtained from Becton & 
Dickinson/Pharmingen (CD20FITC clone L27, CD16PE clone B7.3.1, HLA-DRPerCP clone 
L243, CD3APC clone SP34, CD4PE-CY7 clone SK3, CD8APC-CY7 clone SK1, CD45RABiotin 
clone 5H9,), or R & D Systems (Minneapolis, USA) CCR7FITC clone FAB197F and AbD 
Serotec (Dusseldorf, Germany) CD62LPE clone FMC46. Polystyrene Fluorspheres 
(Beckman & Coulter) were used to calculate absolute lymphocyte count. Flow cytometry 
was performed on a FACSAria (Becton Dickinson (BD). 20,000 events in the 
lymphocyte-gate were analyzed per monoclonal antibody mix.  
 
Statistical analysis 
Statistical analysis was performed by the Wilcoxon’s rank sum test or unpaired t-test 
(with Welch correction) depending on the normal distribution of the data. p<0.05 was 
considered to be significant. 
 
Online Supplemental Material 
Fig. S1 shows flow cytometry profiles of antigen-specific IFN-γ producing CD4+ and 
CD8+ memory T-cells of two representative animals (one from each vaccine group) 
before challenge and at time of euthanasia. Fig. S2 shows the relatively low neutralizing 
antibody titres to the replicating challenge virus and to several pseudotype viruses.  
A detailed description of the construction of the immunogens is given in the online 
supplemental material section. Fig. S3 shows the schematic representation of the 
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GagPolNef and Env polyprotein expressed by the MVA and NYVAC vaccine vectors. 
The generation of the MVA-89.6P-SIVgagpolnef and NYVAC-89.6P-SIVgagpolnef 
vaccine constructs is described in detail. Fig. S4 A and B shows the schematic 
representation of the generation of the plasmid transfer vector pLZAW1-89.6P-SIVgpn-
18. Fig. S5 A represents a schematic drawing of the vaccine vectors MVA and NYVAC 
and shows PCR analysis of the MVA-89.6P-SIVgpn and NYVAC-89.6P-SIVgpn vaccine 
stocks. Fig. S5 B shows Env and GagPolNef expression of the MVA-89.6P-SIVgpn and 
NYVAC-89.6P-SIVgpn vaccines by Western blot analysis. 
The DNA sequence of the EnvGagPolNef insert of the vaccine is given. 
Online supplemental material is available at….. 
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Figure legends 
 
Figure 1. T-cell responses in time 
IFN-γ (left panels) and IL-4 (right panels) production by PBMC of individual animals 
immunized with DNA/MVA or DNA/NYVAC to HIV-189.6p Env, and SIVmac239 Gag, Pol 
and Nef peptides as measured by ELISpot assay in time. Background responses (mean 
number of SFC plus 2xSD of triplicate assays with medium alone) were subtracted. 
Responses are presented as number of spot forming cells (SFC) per 106 PBMC. Arrows 
indicate immunization time points at weeks 0, 4 (DNA), 20 and 24 (pox virus). 
 
Figure 2. Vaccine induced antigen-specific CD4+ and CD8+ T-cell responses 2 weeks 
before challenge.  
(A) Representative flow cytometry profiles of vaccine-induced CD4+ (left) and CD8+ 
(right) T-cell responses directed against Env in monkeys R99005 immunized with 
DNA/MVA and R00033 immunized with DNA/NYVAC. CD4 and CD8 T-cell responses 
were defined using polychromatic flow cytometry. Blood mononuclear cells were 
stimulated with the relevant peptide pools and stained with CD4, CD8, IFN-γ and IL-2 
antibodies.  
(B) Cytokine production by CD4+ (left) and CD8+ (right) T-cells of all individual animals  
immunized with DNA/MVA (black squares) or DNA/NYVAC (black dots) to HIV-189.6p 
Env (grey boxes) and SIVmac239 Gag peptides (clear boxes) as measured by ICS assay two 
weeks before challenge. Box-whisker plots indicate the interquartile range and the 
median (horizontal line) of the groups. Responses are presented as number of cytokine 
producing CD3+ T-cells per 106 lymphocytes. Statistical significant differences between 
immunization groups are given by showing the p values (Mann-Whitney test).  
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(C) Cumulative intracellular cytokine responses to HIV-189.6p Env and SIVmac239 Gag 
peptide pools by CD4+ (left) and CD8+ (right) T-cells of individual animals (dots) 
immunized with DNA/MVA (black squares) or DNA/NYVAC (black circles) as 
measured by FACS analysis, two weeks before challenge. CD4+ and CD8+ T-cells 
producing either one cytokine (IFN-γ or IL-2) or IFN-γ and IL-2 simultaneously upon 
antigen stimulation are presented. Pies represents the average response across animals of 
each group of the CD4+ and CD8+ HIV-189.6p Env and SIVmac239 Gag-specific T-cell 
responses grouped by function (expressing either one cytokine IFN-γ or IL-2 or two 
simultaneously), relative to the total antigen-specific response. Statistical significant 
differences between immunization groups are given by showing the p values (Mann-
Whitney test). 
 
Figure 3. Vaccine induced antigen specific CD4+ and CD8+ T-cell mediated 
proliferation 2 weeks before challenge. 
(A) Representative flow cytometry profiles of CFSE labeled PBMC of monkey R99005 
immunized with DNA/MVA and R00033 immunized with DNA/NYVAC, stimulated 
with Env peptides, cultured for 6 days and stained with CD3, CD4 (and CD8) antibodies. 
Monkey R99005 showed Env-specific CD4+ and CD4- (mainly CD8+) proliferating 
(CFSE low) T-cells, while monkey R00033 showed predominantly Env-specific CD4+ 
proliferating T-cells.  
(B) Percentage of antigen-specific proliferating CD4+ and (C) CD8+ T-cells of all 
individual animals (dots) immunized with DNA/MVA (black squares) or DNA/NYVAC 
(black dots) to HIV-189.6p Env (grey boxes) and SIVmac239 Gag peptides (clear boxes) two 
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weeks before challenge. Responses are presented as percentage of CFSE low CD3+/CD4+ 
and CD3+/CD8+ T-cells. Background responses (medium alone) were subtracted.  
 
Figure 4. Relative contribution of CD4+ and CD8+ T-cells to the total antigen specific 
response before challenge. 
The relative contribution of CD4+ and CD8+ T-cells to the total Gag (dark grey) and Env 
(light grey) specific cytokine (A) and proliferative (B) responses of each animal 
immunized with DNA/MVA and DNA/NYVAC was determined. The mean percentage 
and standard deviation (SD) of each group is presented. Statistical differences between 
groups (MVA vs NYVAC) or between relative contribution of CD4+ and CD8+ T-cells to 
the response within groups (MVA CD4 vs CD8 and NYVAC CD4 vs CD8) was 
measured by student’s t-test . P values are shown at the right of the figure. 
 
Figure 5. Efficacy 
Viral RNA load (top), absolute number of circulating CD4+ T-cells (middle) and 
percentage of CD4+ T central memory (CM) cells (bottom) after challenge of each 
individual animal is presented. Left column represents results of DNA/MVA immunized 
animals, middle column shows results of DNA/NYVAC immunized animals, while the 
right column presents results of control animals.  
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Figure 6. Survival 
Percentage of animals that remained disease free after SHIV89.6p challenge of DNA/MVA 
(black squares) or DNA/NYVAC (black dots) immunized and control (black diamonds) 
animals. 
 
Figure 7. T-cell responses after challenge 
IFN-γ production by peripheral blood mononuclear cells (PBMC) of individual animals 
immunized with DNA/MVA (black squares) or DNA/NYVAC (black dots) or control 
animals (black diamonds) to HIV-189.6p Env, and SIVmac239 Gag, Pol and Nef peptides as 
measured by ELISpot assay at 22 weeks post challenge (left panels) and at 41 weeks post 
challenge (right panels). Box-whisker plots indicate the interquartile range and the 
median (horizontal line) of the groups. Background responses (mean number of SFC plus 
2xSD of triplicate assays with medium alone) were subtracted. Responses are presented 
as number of spot forming cells (SFC) per 106 PBMC.  
 
Figure 8. Antigen-specific CD4+ and CD8+ T-cell responses at time of euthanasia.  
(A) Cytokine production by CD4+ (left) and CD8+ (right) T-cells of individual animals 
(dots) immunized with DNA/MVA (black squares) or DNA/NYVAC (black dots) or 
control animals (black diamonds) to HIV-189.6p Env (grey boxes) and SIVmac239 Gag 
peptides (clear boxes) as measured by ICS assay at time of euthanasia. Box-whisker plots 
indicate the interquartile range and the median (horizontal line) of the groups. Responses 
are presented as number of cytokine producing CD3+ T-cells per 106 lymphocytes. 
Statistical significant differences between immunization groups are given by showing the 
p values (Mann-Whitney test).  
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(B) Cumulative intracellular cytokine responses by CD4+ (left) and CD8+ (right) T-cells 
of individual animals (dots) immunized with DNA/MVA (black squares) or 
DNA/NYVAC (black circles) or control animals (black diamonds) to HIV-189.6p Env and 
SIVmac239 Gag peptide pools as measured by FACS analysis. CD4+ and CD8+ T-cells 
producing either one cytokine (IFN-γ or IL-2) or two simultaneously upon antigen 
stimulation are presented. Pies represents the average response across animals of each 
group of the CD4+ and CD8+ HIV-189.6p Env and SIVmac239 Gag -specific T-cell responses 
grouped by function (expressing either one cytokine IFN-γ or IL-2 or two 
simultaneously), relative to the total antigen-specific response. 
(C) Percentage of antigen-specific proliferating CD4+ (left) and CD8+ (right) T-cells of 
individual animals (dots) immunized with DNA/MVA (black squares) or DNA/NYVAC 
(black dots) or control animals (black diamonds) to HIV-189.6p Env (grey boxes) and 
SIVmac239 Gag peptides (clear boxes). Responses are presented as percentage of CFSE low 
CD3+/CD4+ and CD3+/CD8+ T-cells. Background responses (medium alone) were 
subtracted. Statistical significant differences between immunization groups are given by 
showing the p values (Mann-Whitney test). 
 
Figure 9. Relative contribution of CD4+ and CD8+ T-cells to the total antigen specific 
response at time of euthanasia. 
The relative contribution of CD4+ and CD8+ T-cells to the total Gag (dark grey) and Env 
(light grey) specific cytokine (A) and proliferative (B) responses of each animal 
immunized with DNA/MVA and DNA/NYVAC was determined. The mean percentage 
and standard deviation (SD) of each group is presented. Statistical differences between 
groups (MVA vs NYVAC) or between relative contribution of CD4+ and CD8+ T-cells to 
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the response within groups (MVA CD4 vs CD8 and NYVAC CD4 vs CD8) was 
measured by student’s t-test . P values are shown at the right of the figure. 
 
 57 
 
Table 1. Differences in mRNA levels of immunomodulators after MVA and NYVAC infection of 
human DCs that might be involved in CD4+ and CD8+ T-cell activation 
      
Description 
GenBank 
accession 
Gene 
symbol 
MVA vs 
Mock 
NYVAC vs 
Mock 
MVA vs 
NYVAC 
Interferon-induced protein with tetratricopeptide repeats 4 NM_001549 IFIT4 52.45 3.37 11.44 
Tumor necrosis factor (TNF superfamily, member 2) NM_000594 TNF 52.21 6.79 10.38 
Interferon-induced protein with tetratricopeptide repeats 1 NM_001548 IFIT1 47.8 4.65 7.38 
Mitogen-activated protein kinase kinase 5 NM_002757 MAP2K5 15.59 2.07 6.54 
RNA helicase NM_014314 RIG-I 21.81 - 5.72 
Small inducible cytokine A4 NM_002984 SCYA4 3.74 -1.14 5.61 
Interferon-induced, hepatitis C-associated microtubular 
aggregate protein (44kD) NM_006417 MTAP44 20.95 2.63 5.52 
Interleukin 12B (natural killer cell stimulatory factor 2, cytotoxic 
lymphocyte maturation factor 2, NM_002187 IL12B 9.76 - 5.44 
Interferon, beta 1, fibroblast NM_002176 IFNB1 137.82 - 5.06 
Melanoma differentiation associated protein-5 NM_022168 MDA5 7.77 1.67 5.05 
Cyclin B1 NM_031966 CCNB1 7.87 -1.06 3.64 
Small inducible cytokine A5 (RANTES) NM_002985 SCYA5 4.17 -1.17 3.06 
Interleukin 6 signal transducer (gp130, oncostatin M receptor) NM_002184 IL6ST 2.15 -1.19 2.91 
V-fos FBJ murine osteosarcoma viral oncogene homolog NM_005252 FOS 3.38 1.00 2.86 
GRO2 oncogene (SCYB2) NM_002089 GRO2 6.58 2.22 2.78 
Tumor necrosis factor (ligand) superfamily, member 13b NM_006573 TNFSF13B 1.84 -1.21 2.67 
Small inducible cytokine subfamily B (Cys-X-Cys), member 10 NM_001565 SCYB10 8.33 - 2.35 
Interferon regulatory factor 7 NM_004031 IRF7 2.52 1.3 2.31 
Menage a trois 1 (CAK assembly factor) NM_002431 MNAT1 5.85 1.72 2.27 
Small inducible cytokine A3 NM_002983 SCYA3 4.22 1.12 - 
Colony stimulating factor 2 (granulocyte-macrophage) NM_000758 CSF2 3.13 -1.08 1.94 
Growth arrest and DNA-damage-inducible, beta NM_015675 GADD45B 2.22 1.56 1.31 
Nuclear factor of activated T-cells 5, tonicity-responsive AF346509 NFAT5 2.81 - 1.24 
Interleukin 10 receptor, alpha NM_001558 IL10RA -1.39 -2.12 1.21 
Major histocompatibility complex, class II, DQ beta 1 NM_002123 HLA-DQB1 2.18 2.49 1.02 
Proteasome (prosome, macropain) subunit, beta type, 10 NM_002801 PSMB10 -3.04 -1.20 -1.03 
Interferon consensus sequence binding protein 1, IRF8 NM_002163 ICSBP1 -1.19 3.32 -1.07 
Tumor necrosis factor (ligand) superfamily, member 9  (4-1BB-
L) NM_003811 TNFSF9 -1.59 -2.10 -1.07 
Inhibitor of DNA binding 2B, dominant negative helix-loop-helix 
protein M96843 ID2B -2.16 -1.78 -1.07 
CD86 antigen (CD28 antigen ligand 2, B7-2 antigen) NM_006889 CD86 1.44 1.12 -1.13 
Transforming growth factor, beta 1 NM_000660 TGFB1 -2.43 -2.09 -1.16 
CD80 antigen (CD28 antigen ligand 1, B7-1 antigen) NM_005191 CD80 -1.53 -1.14 -1.20 
V-jun sarcoma virus 17 oncogene homolog (avian) NM_002228 JUN 1.91 2.93 -1.34 
Interleukin 10 receptor, beta Z17227 IL10RB -2.59 -1.21 -1.38 
Major histocompatibility complex, class II, DR beta 5 NM_002125 HLA-DRB5 -2.92 -5.59 -1.65 
Interleukin 8 NM_000584 IL8 -2.90 -1.39 -1.89 
Ras homolog gene family, member B NM_004040 ARHB -1.50 2.08 -1.97 
Interferon gamma receptor 2 (interferon gamma transducer 1) NM_005534 IFNGR2 -2.52 -1.18 -2.05 
Secreted phosphoprotein 1 (osteopontin, bone sialoprotein I, 
early T-lymphocyte activation 1) NM_000582 SPP1 -1.60 -2.64 -2.13 
Jun D proto-oncogene NM_005354 JUND 1.41 2.78 -2.42 
Interleukin 1, alpha NM_000575 IL1A -1.43 2.01 -2.42 
Mal, T-cell differentiation protein 2 NM_052886 MAL2 -2.49 -1.09 -2.54 
Interferon regulatory factor 5 NM_002200 IRF5 -2.31 1.06 -2.65 
Interleukin 1, beta NM_000576 IL1B -2.25 1.39 -3.14 
Prostate differentiation factor NM_004864 PLAB -1.77 3.32 -3.94 
FOS-like antigen 2 AK055579 FOSL2 1.36 4.13 -4.09 
Deoxythymidylate kinase (thymidylate kinase) NM_012145 DTYMK 1.54 12.02 -8.18 
Cyclin-dependent kinase inhibitor 2C (p18, inhibits CDK4) NM_001262 CDKN2C -3.10 1.18 - 
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Fold change in transcription level is indicated in red when genes are upregulated, or in 
green when down regulated compared to non-infected MDDC (mock) or comparing 
MVA infected MDDC with NYVAC infected MDDC. Up or downregulation <2 is 
considered as not significant. 
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